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ABSTRACT 
The contamination of surface waters with pharmaceutical compounds has been recognized 
as a problem in many regions of the world.  These xenobiotic compounds originate from point 
sources, such as treated wastewater effluent, and also from non-point sources, such as runoff from 
animal rearing operations.  A major goal of current studies is to understand the impact these 
typically sub-therapeutic levels of pharmaceuticals can have on receiving environments.  
Assessing their risk involves predicting how long they will be retained in a given system, the 
transformations they may undergo, and resultant potency of transformation products.  Both 
transport and chemical transformation processes can be strongly influenced by the adsorption 
properties of the pharmaceuticals. 
This study focuses on a select group of antibacterial agents, fluoroquinolones (FQ).  They 
are important from the therapeutic standpoint as they are often our last line of defense against 
highly resilient bacterial infections.  Dissemination of fluoroquinolones in the environment has 
raised concerns about favoring the accumulation of antibacterial resistance genes in exposed 
bacteria, which can be transferred to pathogenic bacteria. 
The overall objective of this work is to characterize important interactions between 
fluoroquinolone antibiotics and nanophase metal oxides that contribute to their adsorption, 
transformation, and deactivation in engineered and natural aquatic systems. While the 
transformation of FQs under engineered treatment scenarios have been investigated, few studies 
have quantified the concomitant decrease in pharmaceutical activity and linked the deactivation 
with specific molecular transformations.  Furthermore, no mechanistic models currently exist to 
quantify the adsorption of zwitterionic FQs to charged metal oxides surfaces.  The elucidation of 
oxidation-induced deactivation mechanisms and adsorption mechanisms has implications for the 
risks associated with fluoroquinolone release into the environment. 
Supplementing our previous work on photocatalytic transformation of FQ with 
nano-anatase under acidic conditions, we first investigate the transformation of FQs under more 
environmentally relevant conditions.  In these studies, we undertake the identification of 
transformation products using mass spectrometric techniques.  We further quantify the decrease 
in antibacterial activity of photo(cata)lytically treated suspensions of FQs using bacterial cell 
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growth inhibition assays.  Our findings corroborate previous evidence indicating that FQ 
molecular transformations in the visible light photocatalytic systems are mainly localized to 
transformations to the piperazine moiety.  Contrary to expectations, the antibiotic potency of the 
FQ transformation products is negligible in comparison to that of the parent FQ, even though no 
evidence for transformation to the core quinoline structure was found.  These findings imply that 
deactivation of FQ potency can be achieved through chemical processes that are not sufficiently 
oxidative to mineralize the core of the FQ molecule. 
In additional work, we characterize the trends in adsorption of FQs to anatase surfaces, a 
process that is proposed to be essential for the progress of visible light-TiO2 photocatalysis.  
Using batch adsorption studies and Fourier Transform Infrared (FTIR) spectra, we probe the 
ligand adsorption sites and potential modes of adsorption applicable to FQ adsorption.  A 
spectroscopically consistent surface complexation model (SCM) based on the theory of ligand 
charge distribution (CD) is then developed to account for FQ adsorption trends.  The SCM 
includes complexation of the FQ molecule through inner-sphere bonding of the carboxylate group 
and hydrogen bonding interactions involving the adjacent carbonyl oxygen to neighboring Ti 
adsorption sites. This model fits adsorption data collected over a wide range of pH (3-11), ionic 
strength (1-100 mM), and FQ concentration (20 - 500 μM) conditions.  The SCM also suggests 
that FQ adsorption is enhanced by ion pairing of non-bonding groups on the FQ molecule with 
perchlorate anions.  Inner-sphere bonding between FQ and TiO2 surfaces is also consistent with 
our understanding of the visible light-initiated charge transfer mechanism resulting in oxidation of 
FQs.  
Finally, we test the applicability of the CD SCM formulation to characterize the adsorption 
of zwitterionic and non-zwitterionic FQs to two other environmentally relevant metal oxides, 
goethite (α-FeOOH) and boehmite (γ-AlOOH).  Previous research suggests that the adsorption of 
FQs to goethite is a pre-condition for their subsequent oxidation by electron transfer processes.  In 
the current study, batch adsorption experiments conducted with a FQ analogue indicate that the 
carboxylic acid group is necessary for adsorption to goethite surfaces.  Model fitting combined 
with FTIR spectroscopy indicate that zwitterionic FQ adsorption to goethite is well-characterized 
by the presence of four adsorbed complexes, one hydrogen bonded complex and three 
inner-spherically adsorbed species similar in structure to the adsorbed species formed in the 
FQ-TiO2 system. On the other hand, adsorption of a non-zwitterionic FQ to goethite is well 
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predicted by a single adsorbed complex in which the molecule is involved in bidentate bonding 
through the carboxylate group only.  Adsorption of FQs to boehmite is well-fit with a three 
species model consisting of molecules bonded inner-spherically through one carboxylate oxygen 
and one carbonyl oxygen atom. 
Overall, FQ adsorption to all three metal oxides appears to be dominated by inner-sphere 
complexation through the carboxylate group, with the adjacent carbonyl playing a supporting role 
either through inner-sphere bonding or hydrogen-bonding interactions.  This type of 
complexation has previously been proposed by other researchers, but this is the first study that can 
support it through a formalized model based on complex structure that is capable of predicting 
adsorption trends over a broad range of solution conditions.  The successful modeling results 
suggest that the CD SCM formalism can be an appropriate tool to bridge the gap between 
macroscopic adsorption data and molecular scale observations from spectroscopy. 
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CHAPTER 1  
INTRODUCTION 
1.1 Motivation 
An increasing number of studies have shown that contamination of the environment by 
pharmaceuticals and other classes of organic contaminants is a ubiquitous phenomenon in the U.S. 
and other countries around the world [1-4]. Sources of pharmaceutical contamination include 
wastewater effluent [5] and runoff from animal rearing operations [6] in which pharmaceuticals are 
used for growth promotion and/or disease prevention. While the concentrations of pharmaceuticals 
found in impacted environments are seldom at their pharmaceutically active levels, their presence 
raises concerns about their ecological effects [7, 8] as well as chronic health effects to humans 
through sub-therapeutic exposure in drinking water [6].  
Antibiotics and antibacterial agents are of particular concern due to the potential for 
increasing antibiotic resistance in pathogenic bacteria [5]. Previous studies have shown that 
antibiotic resistance genes can readily transfer from populations exposed to antibiotics to 
indigenous bacterial populations without direct exposure to the antibiotic [9, 10]. By this same 
mechanism, the presence of antibiotic compounds in the environment can promote proliferation of 
antibiotic resistance genes in pathogenic bacteria, rendering these compounds ineffective in 
treating many bacterial infections. The presence of antibiotics can also impact ecological 
communities by exerting selective pressure on sensitive species [7, 8]. 
The relative environmental and public health risks associated with pharmaceutical 
contamination depends heavily on their fate in natural environments and removal during water 
treatment processes. Many natural processes (e.g., photolysis and biodegradation) and engineered 
water treatment processes (e.g., chemical oxidation, photocatalytic treatment) can transform 
pharmaceuticals in the environment [11], giving rise to a slew of degradation products with 
unknown biological activities. Exposure risks are also heavily dependent on the mobility of the 
individual pharmaceuticals in aquatic environments [12], which is influenced by their adsorption to 
common soil and sediment minerals [11].  Adsorption is also critical to many treatment processes 
that utilize materials tailored to adsorb and/or degrade pharmaceutically active compounds. 
In this study, we examine the photocatalytic degradation and surface affinity of 
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fluoroquinolones (FQ) antibacterial agents for metal oxide photocatalysts and soil minerals. 
Chapter 1 provides general background information and outlines the guiding hypotheses of the 
thesis.  Building on previous work that examined the ultraviolet (UV) and visible light 
photocatalytic degradation of FQs, Chapter 2 describes an investigation of the effects of photolytic 
and TiO2 photocatalytic treatment processes on the antibacterial activity of ciprofloxacin solutions 
under environmentally relevant pH conditions. Then, I focus on characterizing the mechanisms 
controlling the adsorption of FQs and other zwitterionic pharmaceuticals to nanophase titanium 
dioxide (TiO2) photocatalysts (Chapter 3) and other metal oxides relevant to soil environments 
(e.g., Al and Fe oxides, Chapter 4).  Results from this study have implications for modeling the 
fate, transport, and engineered treatment of FQs in both natural and engineered aquatic systems, 
and can be used to better assess the risks posed by FQs and related pharmaceutical micropollutants 
in the environment. 
1.2 Background 
1.2.1 Fluoroquinolones: Useful Drugs, Environmental Micropollutants 
Fluoroquinolones (Figure 1.1a) belong to a broader class of antibacterial agents known as 
quinolones. Quinolones share a 3-carboxy quinoline ring in their core chemical structure. These 
antibacterial agents block replication of bacteria by inhibiting the DNA replication enzyme DNA 
gyrase, which is present in all bacterial cells [13]. They have broad spectrum activity, inhibiting the 
growth of both gram positive and gram negative bacteria. Their broad spectrum of activity often 
makes them the last line of defense in the treatment of resistant bacterial infections [14]. FQs have 
been successfully applied to treat a variety of bacterial infections, including urinary tract, 
gastrointestinal, respiratory, sexually transmitted, and skin infections [15]. 
Fluoroquinolones are third generation quinolones that were first marketed in 1973. Several 
variations of FQ structures have been produced since, the most popular of these being 
ciprofloxacin (Figure 1.1b) introduced in 1986 [15]. Fluoroquinolones show superior activity to 
quinolones, attributed to the fluorine substituent in position 6 that increases binding with the target 
enzyme [15]. Since their introduction, FQs have been extensively applied in both human and 
veterinary medicine. Whereas many antibiotics are often used for growth promotion of food 
animals, FQ use has been limited to disease treatment purposes in veterinary medicine [16]. 
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The widespread application of FQs has led to the detection of FQs in both wastewater 
influent and effluent [12]. Fluoroquinolone removal in wastewater treatment plants occurs primarily 
through sorption to sludge (10 - 90% removal reported) [17]; however, FQs can still be detected in 
wastewater effluent after conventional treatment [3, 18, 19]. Additionally, FQs present in land-applied 
sludge have been shown to concentrate and persist in the upper layers of soil, presumably due to 
their strong affinity for soil minerals [12]. 
Fluoroquinolone contamination of surface waters can induce adverse effects on aquatic 
ecology and human health. At reported environmental levels (up to 1 μg/L), FQs have been 
reported to be selectively toxic to specific microorganisms in aquatic systems, disrupting the 
ecological community structures of affected communities [7, 8]. Furthermore, results from in vitro 
studies indicate that mixtures of FQs with other co-occurring pharmaceuticals can inhibit growth 
of algae [8], aquatic macrophytes [20], zebrafish and even human embryonic cells [21, 22]. 
Widespread contamination of natural environments with FQs has spurred a number of 
recent investigations into natural and engineered transformation processes. Fluoroquinolones are 
susceptible to transformation by free and combined chlorine [23], ozone (O3) and peroxone 
(O3/H2O2) [24], oxidative radicals [25], UV photolysis [26-29], TiO2 photocatalysis [30, 31], oxidation by 
manganese dioxide and goethite [32, 33], sonolysis [34], and brown rot fungi [35, 36]. UV photolysis and 
TiO2 photocatalysis are two promising treatment mechanisms that we will explore in further detail 
in this study. Although several studies have identified transformation products of FQs in different 
environmental processes, only a few have examined the resultant changes in antibacterial activity 
of the solution [31, 37-39]. In addition, no past studies have identified products formed by a novel 
visible light-mediated TiO2 photocatalysis pathway or examined their potency relative to the 
parent FQs. 
1.2.2 Molecular Transformation of Fluoroquinolones in Photochemical and 
Photocatalytic Systems 
UV photolytic degradation of FQs and corresponding product formation has been 
well-documented [26-29, 40-43]. The major transformations reported during UV photolysis are 
defluorination, decarboxylation, and piperazine ring (see Figure 1.1b) cleavage. Previous studies 
have also shown a loss in antibacterial potency accompanying UV transformation [31, 37-39, 44, 45], 
although some potent products have been identified for FQs containing tertiary aliphatic 
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piperazine amines at the C-7 position on the quinoline ring (e.g. levofloxacin, ofloxacin [39]); 
however, these studies were limited to semi-quantitative analysis of antibacterial potency changes. 
Relative to UV photolysis, less work has been conducted on the transformation of FQs in 
UVA-TiO2 treatment [25, 30, 31, 37]. In past work, we found that FQ degradation can occur through 
attack by hydroxyl radicals generated by band gap excitation of the semiconductor and by 
photo-initiated charge-transfer between the adsorbed molecule and the semiconductor conduction 
band[30]. UVA-TiO2 photocatalysis eventually leads to mineralization. Reaction 
products/intermediates identified indicate that degradation is often initiated by piperazine ring 
cleavage and/or hydroxylation of the aliphatic and aromatic rings [30, 31]. Calza et al. (2008) 
reported that no residual antibacterial activity was detected in any of the UV-TiO2 photocatalysis 
products of ciprofloxacin, but some potent products were formed for ofloxacin[46]. 
Fluoroquinolones also undergo degradation under visible light irradiation of TiO2[30]. 
Degradation occurs by a charge-transfer mechanism wherein adsorption of FQ molecules gives 
rise to a visible light-active surface complex. The FQ molecule is photo-excited and excited-state 
molecule transfers an electron to the conduction band of TiO2 and is oxidized in the process 
(Figure 1.2). Under UVA irradiation, this process occurs in parallel with the band gap excitation 
and direct photolysis mechanisms. Many of the phototransformation products identified for visible 
light photocatalysis reactions exhibit piperazine ring cleavage (similar to UVA-TiO2 
photocatalysis), but no carbon mineralization occurs and no hydroxylated quinoline products are 
detected. 
In Chapter 2 of this dissertation, I describe the methods for identifying photo(cata)lytic 
transformation products and evaluating residual antibacterial activity of treated reaction mixtures. 
The results of these studies have implications for the deactivation of physiological activity of FQ 
molecules through chemical processes that achieve incomplete oxidation of the core structure. 
1.2.3 Fluoroquinolone Adsorption to Soil Minerals 
The surface affinity of FQs heavily influences their mobility in aquatic environments. 
Stronger adsorption can lead to reduced mobility and greater persistence in topsoils [12]. Previous 
work has shown that FQs readily adsorb to a variety of soil components, including clay minerals 
[47-49], aluminum oxides [50, 51], iron oxides [33, 50, 52], and silica [51]. Fluoroquinolone adsorption is 
especially dependent on pH conditions and mineral surface characteristics. Fluoroquinolone 
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adsorption to clay minerals has been attributed to cation exchange or cation bridging mechanisms 
between electron rich functional groups (ketone, carboxylate) and the negatively charged clay 
surfaces [48, 49, 53]. On the other hand, FQ adsorption to metal oxides has been reported to occur 
through ligand exchange with surface hydroxyl groups, cation bridging interactions, and outer 
sphere adsorption processes centered at both anionic or cationic functional groups [50-52]. 
To date, quantitative modeling of FQ adsorption remains limited to establishing simple 
distribution coefficients (i.e., Kd = Cads/Caq) or isotherms for different solution conditions [50, 51]. No 
model exists for predicting FQ adsorption over a wide range of environmentally relevant 
conditions (e.g., pH, ionic strength) that is consistent with spectroscopic measurements of 
FQ-mineral interactions (e.g., ATR-FTIR data). In Chapters 3 and 4 of this dissertation, I describe 
some of the challenges associated with modeling FQ adsorption to charged metal oxides surfaces 
and how those challenges are addressed through the use of spectroscopic methods and surface 
complexation modeling. 
1.2.4 Surface Complexation Modeling 
1.2.4.1 Introduction 
Surface complexation models (SCM) describe adsorption processes using chemical 
reactions between adsorbates and surface sites on an adsorbent at equilibrium [54]. Surface 
complexation (heterogeneous) reactions are analogous to aqueous phase metal-ligand 
complexation reactions. For example, let us compare the following two equations for 
deprotonation a hypothetical metal hydroxide species (XOH = aqueous metal hydroxide; ≡XOH = 
metal hydroxide surface site): 
 XOH  XO- + H+   (homogeneous)  (1.1) 
 ≡XOH  ≡XO- + H+   (heterogeneous)  (1.2) 
Both equations represent deprotonation reactions, with the symbol (≡) associated with metal oxide 
surface species.  Also, similar to reactions of homogenous hydrated metal ion species, surface 
sites on metal oxides can undergo complexation with cations (e.g., metal ions = M2+) or ligand 
exchange processes (e.g., organic ligands = L-): 
 ≡XOH + M2+  ≡XOM+ + H+   (cation adsorption)  (1.3) 
 ≡XOH + L-  ≡XL + OH-   (ligand exchange)  (1.4) 
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Cations or ligands may complex directly with surface sites or interact with charged surface 
sites through intervening water molecules, giving rise to the terms inner-sphere and outer-sphere 
complexes, respectively.  In this study, the adsorbing ligands we will consider are organic 
molecules that possess positive, negative, or net neutral charge (either neutral or zwitterionic 
molecules) and the adsorbents will be nanophase metal oxides that are relevant to engineered 
treatment processes and soil environments (Ti, Fe, and Al oxides). 
The major difference between homogenous complexation reactions and surface 
complexation reactions is the influence of electrostatics on the reactive species.  In a homogenous 
reaction, the concentration of the background electrolytes modulates the electrostatic shielding of 
a charged species; therefore, the effect of this shielding is included in the mass law equation as the 
activity coefficients (γi) for each charged species.  For example, an aqueous metal hydroxide 
deprotonation reaction can be described by the following equilibrium expression, 
 Kint = {XO-}{H+}/{XOH} = γ-1[XO-] γ+1[H+]/ γ0[XOH]    (1.5) 
where the intrinsic equilibrium constant (Kint) independent of solution ionic strength, is related to 
the apparent equilibrium constant (Kapp), which describes the ratios of the species molar 
concentrations at a specific ionic strength condition. 
 Kint = Kappγ12   (homogeneous)  (1.6) 
Chemical species interacting with charged surfaces experience different electrostatic 
influences than those in bulk solution, namely, the electrical potential of the charged metal oxide 
surface.  Therefore, for adsorbed species, the activity coefficient is given by a Coulombic 
correction factor that accounts for the long range interactions between the charged surface and 
adsorbate species [55].  The mass law equation for the heterogeneous deprotonation reaction can be 
written as follows: 
 Kint = {≡XO-}{H+}/{≡XOH} = KappγH*exp(ΔzF/RT)   (heterogeneous)  (1.7) 
where the Coulombic correction = exp(ΔzF/RT) effectively incorporates activity coefficients for 
surface sites involved in the reaction, Δz is the change in surface charge upon species adsorption, F 
is Faraday's constant,  is the electrical surface potential, R is the universal gas constant, and T is 
the absolute temperature [56]. 
The electrical surface potential () is generated on a metal oxide surface as a result of a net 
surface charge (σo) generated by proton exchange (acid/base reactions) and surface complexation 
reactions [56], given by the following relationship (at low potential): 
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 σo = ε εo κ ψo  (1.8) 
where ε and εo are the dielectric constants of water at the interface and in vacuum, respectively, κ-1 
is the double layer thickness, and o = potential at the surface.  The electric double layer model 
(Gouy-Chapman-Stern) of aqueous-mineral interfaces provides a description of surface potential 
within the aqueous-mineral interface (Figure 1.3). 
The electric double layer is the region of the aqueous-mineral interface that includes 
surface charge and the aqueous region over which the surface charge is felt.  Under the basic 
Gouy-Chapman-Stern model, the double layer consists of two adjacent layers.  The layer in 
contact with the 0-plane (potential = ψo) of the charged surface is termed the Stern layer and the 
layer further removed from the surface containing inert co- and counter ions is called the diffuse 
layer, the two being separated by the Stern plane (potential = ψs ).  The Stern plane marks the 
distance of closest approach for inert electrolytes, limited by the size of their solvation spheres.  In 
the absence of specifically adsorbed ions, the Stern layer is a charge free layer.  
The potential generated by the charge at the metal oxide surface decays as a function of 
distance into the aqueous phase due to shielding by ions in the diffuse layer.  The characteristic 
thickness of the diffuse double layer is given by the Debye length, κ-1, which is the theoretical 
distance at which potential has decayed to 1/e of the surface potential.  The double layer thickness 
shrinks with increasing ionic strength as surface charge is neutralized more effectively at greater 
electrolyte concentrations. 
The electrostatic influence of surface charge on different adsorbing species depends on 
adsorbate charge and the location of that charge within the double layer during surface 
complexation.  Inner-sphere complexes are formed when adsorbate charge is placed at the 0-plane 
through cation or ligand exchange reactions with surface sites.  Outer-sphere complexes are 
formed by adsorbates that are positioned in the diffuse layer, interacting with the surface charge 
through one or more layers of water molecules.  The electrostatic correction factor differs for 
inner-sphere versus outer-sphere complexes because the electrostatic correction depends on the 
potential felt by the species, which in turn depends on its proximity to the charged surface.  
Inner-sphere complexes will experience (and potentially influence) the electric potential at the 
metal oxide surface (ψo), while outer sphere complexes experience the potential at the head of the 
diffuse double layer (ψs). 
The basic surface complexation model described above often includes some simplifying 
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assumptions about the nature of surface charge and adsorbate charge: 
 The acid-base chemistry of the surface sites can be represented by a 2-pKa model in which 
surface sites can possess neutral, unit positive or unit negative charge, depending on 
protonation state (≡XOH2+, ≡XOH, ≡XO-). 
 Adsorbing ligands (or cations) are represented as point charges, that is, electrostatic 
interactions assume that the charge of the adsorbate is equal to its net charge. 
A complicating feature of applying a “point charge” surface complexation models (SCMs) 
for FQs is the zwitterionic nature of their structure (see Figure 1.4) that can give rise to multiple 
pH- and ionic strength-dependent interactions between the mineral surface and different regions in 
the FQ structure [57]. 
In Chapters 3-4 of this study, we propose to use an alternate SCM, the charge distribution 
(CD) model, which accounts for the differential distribution of adsorbate charge across the 
aqueous-mineral interface.  A discussion of the salient features of the CD model follows. 
1.2.4.2 Charge Distribution (CD) 
The charge distribution (CD) model is a SCM refinement which recognizes that electron 
density within an adsorbing molecule may be distributed unequally over the molecule; therefore 
different parts of the molecule can differ in the strength of their interaction with charged surfaces, 
depending on their molecular charge distribution and orientation with respect to the surface.  The 
CD model, first described by Hiemstra and Van Riemsdijk (1996) [57], is particularly appropriate 
for modeling adsorption of FQs because of their zwitterionic structure. In addition, the CD model 
allows for the incorporation of information on the molecular structures of surface complexes 
obtained from spectroscopic techniques (e.g., ATR-FTIR, EXAFS). 
In the CD SCM, outer-sphere complexed ligands are treated as point charges limited to the 
Stern plane, while inner-sphere complexed ligands have charge distributed across the 0- and 
1-planes.  This three-plane model can be further simplified into a two-plane model (Figure 1.5) if 
the 1- and Stern planes are assumed to coincide (solution-oriented charge on inner-sphere 
complexing ligands placed at the head of the diffuse double layer). Inner-sphere complexed 
ligands contribute to changes in surface charge through ligand exchange reactions at the 0-plane, 
while solution-oriented charges on the same molecule feel the residual surface potential at the 
Stern plane. 
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1.3 Objectives and Hypotheses 
The overall objective of this thesis will be to characterize important interactions between 
fluoroquinolone antibiotics and nanophase metal oxides that contribute to their adsorption, 
transformation, and deactivation in engineered and natural aquatic systems.  The specific 
objectives of the study are as follows: 
 
1. Quantify inactivation of fluoroquinolones during photo(cata)lytic treatment and 
identify potential modes of inactivation (Chapter 2). 
Hypothesis 1-1: Photocatalytic and photolytic processes will incompletely oxidize 
FQs, leading to transformation products exhibiting lower antibacterial activity. 
Hypothesis 1-2: Deactivation of FQs during photo(cata)lytic processes can be 
attributed to specific structural changes in the parent molecules. 
2. Elucidate the mechanism for visible light-mediated TiO2 photocatalytic degradation 
of fluoroquinolone antibacterial agents (Chapter 3). 
Hypothesis 2-1:  Surface complexation of FQs to the TiO2 surface is critical to the 
observed degradation under visible light irradiation. 
Hypothesis 2-2:  Rates of visible light-TiO2 photocatalysis are quantitatively linked 
to extent of FQ adsorption and surface speciation of FQ. 
Work completed as part of my M.S. thesis examined the kinetics and mechanisms 
responsible for FQ transformation in aqueous suspensions of TiO2 irradiated with both 
visible and UV-A light.  This work served as the basis of subsequent Ph.D. thesis 
investigations. In particular, some of the data provided an initial test of the hypothesis 
outlined above.  However, experiments in my M.S. thesis were conducted mostly at 
acidic conditions.  In my Ph.D. work, kinetic studies were extended to environmentally 
relevant pH conditions and additional zwitterionic FQ species.  Additionally, further 
evidence is provided for the visible light photocatalysis mechanism through CD SCMs in 
Chapter 3. 
3. Determine mechanism of fluoroquinolone adsorption to nanophase TiO2 
photocatalysts using a combination of spectroscopic and modeling approaches 
(Chapter 3). 
Hypothesis 3-1: Fluoroquinolone adsorbs to nanophase TiO2 surfaces by inner-sphere 
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complexation of the carboxylate Lewis base group with surface Ti(IV) ions. 
Hypothesis 3-2:  The unique adsorption characteristics of zwitterionic FQs can be 
described using a surface complexation modeling approach that distributes adsorbate 
charge across the aqueous-TiO2 interface. 
4. Assess applicability of fluoroquinolone surface complexation modeling approach to 
other environmentally relevant metal oxide minerals (Chapter 4). 
Hypothesis 4-1: The charge-distribution surface complexation modeling approach 
developed for FQ-TiO2 interactions can be extended to model FQ adsorption to other 
environmentally relevant nanophase metal oxides. 
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Figure 1.1. General structure of FQs (a) and Ciprofloxacin (b), a FQ that contains a 
piperazine ring as the C-7 substituent. 
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Figure 1.2. Mechanism of FQ visible light-TiO2 photocatalytic degradation. 
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Figure 1.3. Double layer model. 
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Figure 1.4. Ciprofloxacin acid/base speciation.  
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Figure 1.5. 2-plane model illustrating ciprofloxacin inner-spherically complexed at a metal 
oxide surface.
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CHAPTER 2  
PHOTOLYTIC AND PHOTOCATALYTIC DECOMPOSITION OF 
AQUEOUS CIPROFLOXACIN: TRANSFORMATION PRODUCTS AND 
RESIDUAL ANTIBACTERIAL ACTIVITY1 
2.1 Abstract 
Previous work demonstrates that widely used fluoroquinolone antibacterial agents, 
including ciprofloxacin, are degraded via aqueous ultraviolet photolytic and titanium dioxide 
(TiO2) photocatalytic (both ultraviolet-A (UVA) and visible light (Vis) irradiation) treatment 
processes.  In this study, we investigate the effects of photolytic and photocatalytic treatment 
processes on the antibacterial activity of ciprofloxacin solutions under controlled laboratory 
conditions. In agreement with earlier work, rates of ciprofloxacin degradation under comparable 
solution conditions (100 μM ciprofloxacin, 0 or 0.5 g/L TiO2, pH 6, 25C) follow the trend 
UVA-TiO2 > Vis-TiO2 > UVA. Release of ammonia and fluoride ions is observed and a range of 
organic products have been identified with liquid chromatography tandem mass spectrometry. 
However, the identified organic products all appear to retain the core quinolone structure, raising 
concerns about residual antibacterial potency of the treated solutions. Quantitative microbiological 
assays with a reference E. coli strain indicate that the antimicrobial potency of ciprofloxacin 
solutions track closely with the undegraded ciprofloxacin concentration during photolytic or 
photocatalytic reactions. Quantitative analysis shows that for each mole of ciprofloxacin degraded, 
the antibacterial potency of irradiated solutions decreases by approximately one “mole” of activity 
relative to that of the untreated ciprofloxacin solution. This in turn indicates that the ciprofloxacin 
photo(cata)lytic transformation products retain negligible antibacterial activity relative to the 
parent compound. The energy demands for achieving one order of magnitude reduction in 
antibacterial activity within the experimental system are estimated to be 175 J/cm2 (UVA-only), 29 
J/cm2 (Vis-TiO2), and 20 J/cm2 (UVA-TiO2), which indicates that the UVA-TiO2 photocatalysis is 
the most energy efficient process for achieving ciprofloxacin inactivation under laboratory 
conditions. 
                                                     
1 A modified version of Chapter 2 was published in Water Research, 2010, 44, 3121-3132.  (T. 
Paul lead author with co-authors Michael C. Dodd and Timothy J. Strathmann). 
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2.2 Introduction 
Fluoroquinolones (FQs) are a class of broad-spectrum antibacterial agents widely used for 
both human medicine and livestock operations [1]. Their major mode of action is inhibition of DNA 
replication in bacteria via interference with the normal function of two key enzymes, DNA 
topoisomerase II (i.e., gyrase) and DNA topoisomerase IV [2]. As FQs are incompletely 
metabolized during human therapy, a significant fraction (up to ~90%, but generally from 20-80%) 
of FQs are excreted in their pharmacologically active forms [3], leading to their subsequent 
discharge into municipal sewerage. As a result of their widespread use and relatively high 
chemical stability, a significant load of FQs is discharged to domestic sewage [4, 5]. 
Although conventional biological wastewater treatment processes can remove a significant 
fraction of FQs from sewage, primarily by adsorption to sludge [5], treatment is incomplete, and 
FQs are frequently discharged in treated secondary effluent at concentrations of ten to several 
hundred ng/L [4, 5]. Residual concentrations of FQs and other antibacterial agents in secondary 
wastewater effluent may still be harmful to organisms present in effluent-dominated receiving 
waters [6]. For example, recent work illustrates that mixtures of various antibacterial classes can 
exert unexpectedly high levels of algal growth inhibition at individual concentration levels on the 
order of 1 μg/L [7]. Furthermore, when one considers the frequent co-occurrence of multiple FQs 
within wastewater matrices [4, 5], it is clear that the total biologically effective levels derived from 
all such compounds may be appreciably higher than the activity attributable to a single compound. 
Within a typical wastewater treatment facility, conventional wastewater treatment will 
result in prolonged exposure of wastewater-borne bacteria to significantly higher FQ 
concentrations than are present in the treated effluents described above [4, 5], on account of the 
extended biomass solids retention times at which secondary clarifiers frequently operate. Such 
circumstances may be of particular importance for FQs such as ciprofloxacin, which has been 
detected by several groups within secondary wastewater influents at concentrations approaching 
minimal inhibitory concentrations (MICs) for various bacterial strains [4, 5] (for a summary of 
relevant MICs, see [8]). Extended exposure of bacterial communities to MIC levels of an 
antibacterial compound is in turn a condition which can favor evolution of low-level antibacterial 
resistance in affected bacterial communities [9, 10]. 
The above considerations suggest that unnecessary exposure of wastewater-borne and 
environmental microbiota to biologically active antibacterial compounds should be minimized 
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whenever possible. One means of achieving this objective would be implementation of new 
treatment technologies capable of selectively and efficiently eliminating the biological activities of 
antibacterial compounds. A number of previous studies have shown that FQs are susceptible to 
direct photochemical transformations by exposure to ultraviolet (UV) light (Figure 2.1) [11, 12]. 
Some investigations also report limited evidence that such processes can diminish the antibacterial 
activities of the parent compounds [12, 13], though the generation of biologically active 
intermediates has been reported for irradiation of FQs containing tertiary aliphatic piperazinyl 
nitrogens (e.g., ofloxacin and levofloxacin) [12]. 
Recent studies also report rapid degradation of FQs by photocatalytic mechanisms in 
aqueous systems containing titanium dioxide (TiO2). UV-TiO2 photocatalysis of flumequine is 
proposed to proceed by both hydroxyl and superoxide radical attack [14].  Additionally, 
deactivation of fluoroquinolone antimicrobial activity upon UV photocatalytic treatment has been 
demonstrated for some fluoroquinolones [14, 15].  Paul et al. [16] also reported on the photocatalytic 
transformation of ciprofloxacin and related FQs by visible and UVA wavelengths of light.  Visible 
light photocatalysis is proposed to occur by photo-oxidation of adsorbed FQ-TiO2 surface 
complexes, whereas UVA photocatalysis appears to follow both this mechanism as well as 
hydroxyl radical attack photo-initiated by semiconductor charge separation (Figure 2.1). The 
visible light-TiO2 process observed with FQs is uncommon amongst aquatic contaminants, and the 
FQ-selective nature of the process may be exploited to selectively treat FQs within complex 
aquatic matrices. 
The degree to which FQs can be rendered biologically inactive (i.e., deactivated) by 
photochemical and photocatalytic treatment is an important criterion for determining the overall 
efficacy of these processes. Although several photochemical and photocatalytic transformation 
products of FQs have been reported, the effects of these treatment processes on the biological 
activity of FQ solutions have only been examined qualitatively or semi-quantitatively in a limited 
number of studies [12-15]. With this in mind, the primary objective of the present study is to 
quantitatively assess changes in antibacterial potency of aqueous ciprofloxacin solutions during 
photo(cata)lytic treatment processes conducted under carefully controlled experimental conditions 
and correlate these changes to transformations of ciprofloxacin structure.   Antibacterial 
activities of treated and untreated ciprofloxacin solutions were quantified using a previously 
reported microbiological broth microdilution assay that uses wild-type E. coli K12 (ATCC 23716) 
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as a reference bacterium [17]. In addition, liquid chromatography-tandem mass spectrometry 
analyses of irradiated ciprofloxacin solutions – supplemented by corresponding NH3 and F- 
measurements – were undertaken to facilitate identification of prominent transformation products 
generated under different reaction conditions. Finally, energy requirements for removing the 
antibacterial activities of ciprofloxacin solutions with each photo(cata)lytic process were 
estimated to permit comparison of the three processes’ potentials as sustainable treatment 
strategies for waste streams containing FQs. 
2.3 Experimental Section 
2.3.1 Reagents 
All reagents were used as received from suppliers. Ciprofloxacin (≥98%), H3PO4 (85%), 
NaOH (1.0 N standard), and NaH2PO4 (≥99%) were obtained from Sigma-Aldrich. Concentrated 
HCl was obtained from Fisher Scientific. The TiO2 catalyst used was Hombikat UV100 (provided 
by Sachtleben Chemie, Germany), a pure (>99%) anatase phase with average particle size <10 nm 
[18]. B.E.T. specific surface area was measured as 290 m2/g (5-point N2 isotherm, ASAP 2010, 
Micromeritics). Deionized water (Barnstead NANOpure systems; >18 M.cm resistivity) was 
used to prepare all reaction solutions. A freeze-dried E. coli K12 wild-type (ATCC 23716) culture 
was obtained from LGC-Promochem. After rehydration, E. coli colonies were maintained at 37 °C 
on #3 nutrient agar. Broth cultures were prepared under sterile conditions by transferring E. coli 
colonies sampled from the agar cultures into 5-6 mL of Mueller-Hinton broth and incubating 
overnight at 37 °C on a shaker plate rotating at 200 rpm. 
2.3.2 Photoreactor 
The light source consisted of an Oriel 450 W O3-free xenon arc lamp outfitted with a 10 cm 
infrared water filter (to remove heat load on irradiated samples) and long-pass wavelength cutoff 
filters to permit only visible light (Vis: λ > 400 nm) or ultraviolet-A + visible light (λ> 324 nm; 
hereafter referred to as UVA conditions) irradiation of reactor solutions. The photon flux incident 
on reaction solutions was determined by potassium ferrioxalate actinometry [19] to be 1.83  10-7 
einsteins/cm2/s in the UVA + visible region (324 - 500 nm) and 1.01  10-7 einsteins/cm2/s in the 
visible region only (400 - 500 nm), corresponding to incident irradiance values of approximately 
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5.28 x 10-2 and 2.67 x 10-2 W/cm2, respectively, after wavelength-weighted integration of incident 
photon flux over the manufacturer-supplied lamp spectrum. The dense ferrioxalate actinometer 
(0.15 M) is reported to maintain a quantum yield of approximately 1 between the wavelength 
range of 324 - 500 nm, followed by a rapid drop for λ> 500 nm. The photon flux in the given 
wavelength range is appropriate for quantifying reactions in the current system since minimal 
ciprofloxacin reactivity is expected for λ> 500 nm [16].  Fluence (energy dosage) values were 
calculated by multiplying the incident irradiance by elapsed exposure times. 
2.3.3 Photolytic and Photocatalytic Reactions 
Aqueous photolytic and photocatalytic batch reactions were conducted in a 250-mL 
water-jacketed glass beaker connected to a circulating water bath at constant temperature (25  0.1 
oC).  Solutions were continuously stirred and sparged with hydrated CO2-free air, and pH 6.0 was 
maintained using an automated pH stat with NaOH titrant (Radiometer Analytical, TIM854) to 
simulate a well-buffered natural water system.  200-mL reaction solutions initially contained 100 
μM ciprofloxacin and 0.5 g/L TiO2.  Ciprofloxacin was pre-equilibrated in air-sparged TiO2 
suspensions under darkness for 30 min prior to irradiating; previous tests show that equilibrium 
adsorption of ciprofloxacin is achieved within 5 min [16]. Reactions were initiated by irradiating the 
pre-equilibrated solutions with Vis or UVA conditions, and 5-mL aliquots were then collected at 
regular time intervals for analysis. Aliquots were removed from the light and pH was adjusted to 
11 with NaOH to desorb ciprofloxacin and related products from the TiO2 surface. The 
pH-adjusted suspension aliquots were then centrifuged and the supernatant was collected for 
analysis of ciprofloxacin concentration and use in bioassays. For consistency, samples collected 
from homogeneous UVA photolysis experiments were also processed using the same 
pH-adjustment and centrifugation procedure. Samples used in bioassays were adjusted to pH 7.2 
using phosphate buffer (1 mM final concentration) and transferred to polystyrene culture tubes for 
immediate transport from the University of Illinois to Eawag (Duebendorf, Switzerland) by air 
courier (with approximately one-week transit time). Ciprofloxacin concentrations measured in 
bioassay samples before and after transportation were in good agreement with each other, 
suggesting no significant change in sample composition during the transportation period.  
Identical reactions were repeated for analysis of ciprofloxacin degradation products; both data sets 
yielded similar kinetics. 
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2.3.4 Ciprofloxacin and Product Analysis 
Ciprofloxacin degradation during photoreactions was quantified using high performance 
liquid chromatography (HPLC) systems. At the University of Illinois, HPLC with photodiode 
array detection (HPLC-PDA; Shimadzu AVP System) was used to measure ciprofloxacin 
concentrations in samples collected for product analysis and in bioassay samples prior to shipment 
to Eawag. The mobile phase consisted of an 85:15 ratio of aqueous phase to acetonitrile (v/v) with 
a flow rate of 1.5 mL/min. The aqueous phase was 2.5 mM sodium-1-heptane sulfonate adjusted to 
pH 2 using H3PO4. A Novapak column (C18, 3.9  150 mm, 4 μm particle size) and guard column 
(20 mm) was used as the stationary phase. The ciprofloxacin sample aliquots shipped to Eawag 
were re-analyzed by HPLC with UV and fluorescence detection (UV/FLD) prior to use in 
biological assays to verify stability during transport and to confirm the applied assay 
concentrations. The HPLC-UV/FLD analyses were performed on an Agilent 1100 HPLC system 
equipped with a Supelco Discovery RP Amide C16 column (3 mm  250 mm, 5 μm particle size), 
fluorescence detector (FLD), and UV diode-array detector. Gradient separations were performed 
with acetonitrile and 0.05 M H3PO4 (adjusted to pH 2.2 with NaOH) as mobile phases. UV 
detection was performed at 205 nm (limits of quantification  0.05 μM) for undiluted samples. 
Fluorescence detection was performed at λex. = 278 nm and λem. = 445 nm for diluted samples with 
[Ciprofloxacin]0 ≤ 1 μM (limits of quantification  0.01 μM). Standard deviations for each 
measurement varied from ±1-5%. 
Inorganic product analyses consisted of colorimetric analysis for ammonia (Nessler's 
reagent) and ion chromatography (Dionex ICS-2000) for fluoride, nitrate, and nitrite. Aliquots 
collected for ammonia analysis were acidified to pH 3 to desorb ammonium and minimize 
volatilization. The samples were then filtered (0.22 μm MCE) prior to colorimetric analysis. Ion 
chromatography samples were adjusted to pH 11 prior to centrifugation to desorb anionic products 
from the TiO2 surface. Nitrate and nitrite concentrations are not reported because no measurable 
quantities above background were detected for any of the photo(cata)lytic processes. 
Organic degradation products were identified using liquid chromatography with tandem 
mass spectrometry (LC-MS/MS). LC-MS/MS analysis was performed on a Micromass Q-Tof 
Ultima using an Agilent 2.1 (150 mm length, 3.5 μm particle size) C-18 column and gradient 
method with Solvent A (95% water, 5 % acetonitrile, 0.2% formic acid) and Solvent B (95 % 
acetonitrile, 5% water, 0.2% formic acid) for separation at a flow rate of 0.2 mL/min. 
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Positive-mode electrospray ionization (ESI) mode was utilized for ionization and collision 
induced dissociation (CID) was applied for MS/MS fragmentation of dominant product molecules 
with m/z 200 - 400. The normalized peak areas (MS ion peak area divided by the maximum peak 
area observed for the ion during the experiment) reported were obtained by integrating the peak 
area of the selected ion chromatogram for each product. Only products with appreciable peak areas 
(greater than 600 ion counts at any single time point during a reaction) are reported. 
2.3.5 Microbiological Antibacterial Activity Assay 
Prior to biological assay, all samples obtained from photocatalysis experiments were 
treated with approximately 63.8 units/mL of catalase and allowed to sit for >12 h to quench any 
H2O2 residual generated from TiO2 irradiation. Although negligible quantities of H2O2 are 
expected to remain in photocatalysis samples upon removal from the photocatalysis system, the 
presence of H2O2 can significantly affect the results of the microbiological assays, therefore 
catalase was added as a precautionary measure. Untreated standards and samples from direct 
photolysis experiments were also dosed with catalase to maintain consistent solution composition 
amongst each experimental sample set. Antibacterial activities of ciprofloxacin standards and 
irradiated solutions were quantified in triplicate using procedures modified from those described 
previously [17]. Briefly, untreated control solutions and irradiated samples were first diluted 
100-fold in 1 mM phosphate buffer (pH 7) and transferred to polystyrene culture tubes for storage. 
Subsequently, ten-member 1:1 (i.e., 2-fold) serial dilution series were prepared from each 
irradiated sample across a corresponding row of a 96-well microtiter plate by dosing 200 μL of the 
100x diluted sample to the first well of the row, then pipetting 100 μL of this solution to the next 
well in the series (containing 100 μL of 1 mM, pH 7 phosphate buffer), mixing by repeatedly 
drawing and dispensing the combined 200 μL volume into and from the pipette tip, and repeating 
this sequence until all ten dilutions were prepared. 
Each volume of the sample and standard solution dilutions were then inoculated with an 
equal volume of Mueller-Hinton broth containing a 1 x 106 CFU/mL cell density of the reference E. 
coli strain, microtiter plates were sealed with O2-permeable Rayon sealing tape and incubated 
under 200 rpm agitation for 8 h at 37 C. After incubation, the sealing tape was removed and 
replaced with liquid-tight polyethylene sealing tape, the sealed microtiter plates were vigorously 
agitated with a Vortex mixer fitted with a microtiter plate shaker, and the absorbance of each 
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sample well was measured at 625 nm (as a surrogate for cell density) using a microplate reader. 
Absorbance measurements were then converted to growth inhibition (I, in %) by scaling to Amin 
(i.e., 100% growth inhibition, corresponding to negative growth controls) and Amax (i.e., 0% 
growth inhibition, corresponding to positive growth controls), according to eq. (2.1): 
    100AA
AA  (%)
minmax
max 
I   (2.1) 
The resulting data for each sample dilution series were then plotted as a function of the 
corresponding sample dilution level and the resulting dose-response curves were interpreted as 
described below in the Results and Discussion. Ninety-five percent confidence intervals (depicted 
as error bars in subsequent figures) were calculated for measured ciprofloxacin concentrations and 
antibacterial potencies as described previously [17]. 
2.4 Results and Discussion 
2.4.1 Ciprofloxacin Transformation 
Observed kinetic data for UVA photolysis and both UVA- and Vis-TiO2 photocatalytic 
degradation of ciprofloxacin are shown in Figure 2.2 (filled symbols). The relative rates of 
ciprofloxacin transformation in each of the three processes are consistent with trends reported 
previously at more acidic pH conditions [16]. In each case, ciprofloxacin losses can be described by 
a pseudo-first-order rate law. Measured pseudo-first-order rate constants (kobs) follow the trend of 
UVA-TiO2 > Vis-TiO2 > UVA-only. No loss of ciprofloxacin is observed under visible light 
irradiation in the absence of TiO2 or in TiO2 suspensions under darkness. 
Ciprofloxacin degradation mechanisms in each of the three systems have been studied in 
detail in previous reports (Figure 2.1).  In the following sections, reaction products detected in 
this study within each photo(cata)lytic system will be described (Figure 2.3 and Table 2.1) in an 
effort to assess molecular transformations that may be responsible for changes in antibacterial 
potency of ciprofloxacin solutions following photolytic and photocatalytic treatment. 
2.4.2 UVA Direct Photolysis 
A detailed discussion of the mechanisms leading to direct photolytic FQ decomposition 
can be found in Albini and Monti [11]. In the present study, stoichiometric release of fluoride was 
observed coincident with ciprofloxacin degradation in UVA photolysis experiments (Figure 2.3a). 
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In addition, ammonia production during the reaction indicates >1 nitrogen atom was liberated per 
ciprofloxacin molecule degraded. The major organic products observed with LC-MS/MS also 
confirm the formation of defluorination products, accompanied by some degree of piperazine ring 
transformation (Figure 2.3b and Table 2.1; products I and II). It is difficult to ascertain the source 
of nitrogen loss from the molecule since products identified by LC-MS/MS do not exhibit nitrogen 
loss. Unobserved products may also have formed in significant quantities; possibly products with 
mass m/z < 200, or which are inefficiently ionized via ESI. Nevertheless, the observed photolysis 
products are consistent with previous studies reporting photosubstitution of fluorine 
(defluorination) and fragmentation of the heterocyclic piperazine rings present in the structures of 
many FQs during irradiation in pure water at circumneutral pH [11]. 
2.4.3 Visible Light TiO2 Photocatalysis 
Visible light mediated-TiO2 photocatalytic degradation of ciprofloxacin and other FQs has 
been proposed to proceed by a surface complexation-mediated charge transfer mechanism (Figure 
2.1) [16]. In this mechanism, surface-complexed ciprofloxacin molecules form red-shifted TiO2 
surface complexes that absorb visible light, and oxidation of FQ proceeds by ligand-to-metal 
electron transfer from the FQ to the TiO2 conduction band; the injected conduction band electron 
then reacts with appropriate electron acceptors (e.g., O2, BrO3-) [16]. 
Vis-TiO2 photocatalysis products identified in this study at pH 6, and by Paul et al. [16] at 
pH 3, indicate formation of a variety of organic products wherein the heterocyclic piperazine 
moiety is modified. No carbon mineralization is expected in the Vis-TiO2 system based on the 
previous study performed under more acidic conditions. Organic product analysis suggests that 
piperazine ring transformations generally proceed first by ring cleavage (products V - VII), 
followed by loss of the secondary amine nitrogen (photocatalysis products III, IV) (Figure 2.3d 
and Table 2.1).  Although the MS/MS spectrum obtained for Product VIII (not shown) does not 
permit confident assignment of a structure to this compound, the spectrum does exhibit 
fragmentation patterns bearing great similarity to those of a dihydroxylated piperazine ring 
product proposed by Zhang and Huang for the same m/z value in their study of the degradation of 
ciprofloxacin by manganese oxide [20]. 
However, nitrogen-loss products appear before any inorganic nitrogen (Figure 2.3e and 
Table 2.1) is detected in the system, possibly indicating production of lower molecular weight 
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organic nitrogenous compounds prior to mineralization to ammonia (no significant nitrate or 
nitrite was detected). Alternatively, the detection limit for organic compounds analyzed with 
LC-MS/MS may be lower than that of the inorganic nitrogen analysis methods, therefore organic 
nitrogen-loss products may be detected prior to detection of inorganic nitrogen products. During 
the time scales of the experiments, approximately one nitrogen atom was lost per ciprofloxacin 
molecule. Limited fluoride production was observed, indicating some ciprofloxacin defluorination, 
although no defluorinated organic products are observed. 
2.4.4 UVA TiO2 Photocatalysis 
Ciprofloxacin degradation in the presence of the TiO2 and UVA light results from three 
mechanisms occurring in parallel: Direct UVA photolysis, charge transfer, and semiconductor 
charge separation. The charge transfer mechanism is the same process described for the case of 
visible light photocatalysis, but the process is faster under the UVA conditions due to a greater 
number of photons (both UVA and visible portions of the spectrum) contributing to the reaction. 
Semiconductor charge separation is a well-established mechanism characterized by 
photo-excitation of electrons from the TiO2’s filled valence band to the empty conduction band by 
light with energy exceeding that of the bandgap energy (3.2 eV for anatase [21], corresponding to 
light with λ < 387 nm). This gives rise to photoelectron-hole pair charge carriers that may migrate 
to the TiO2 surface and react directly with ciprofloxacin or interact with bound H2O or OH– to 
generate hydroxyl radicals (•OH) [22], which can in turn also react with the ciprofloxacin molecule 
[16]. 
Similar piperazine ring transformation products are observed during UVA-TiO2 and 
Vis-TiO2 photocatalysis (Figure 2.3f and Table 2.1). Mass spectra of many of the products 
observed in this study have also been reported previously [15, 16], but some structural interpretations 
differ due to observed differences in the MS/MS fragmentation patterns of the products. It remains 
unclear whether these intermediates result from both active UVA photocatalysis mechanisms or 
whether the intermediates resulting from reactions with •OH and/or photoholes are not amenable to 
the LC-MS/MS method used in this study. The products produced by •OH attack may be less stable, 
rapidly degrading ciprofloxacin into lower molecular weight compounds not detected by 
LC-MS/MS. Alternatively, charge transfer may be the dominant ciprofloxacin decay mechanism 
in the UVA-TiO2 system, thereby producing the same dominant intermediates and products as 
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Vis-TiO2 photocatalysis. 
The inorganic product formation time-course observed for UVA-TiO2 parallels that 
observed for the Vis-TiO2 system, further supporting the proposal that charge transfer is the 
dominant pathway occurring for UVA-TiO2 photocatalysis conditions at pH 6. Previous results 
reported for pH 3 differ to a greater degree for the same degree of ciprofloxacin degradation [16], 
suggesting that the predominance of charge transfer versus semiconductor charge separation 
mechanisms may be influenced by solution conditions. Further research is needed to examine this 
issue in greater detail. However, after prolonged irradiation times, we can expect complete 
mineralization of fluorine and nitrogen in the UVA-TiO2 system, as demonstrated in previous 
studies by Paul et al. (2007)[16] and Calza et al. (2008)[15]. 
2.4.5 Antibacterial Activity Assays 
Although this and previous studies [11, 16] demonstrate that ciprofloxacin and related FQs 
are subject to photolytic and photocatalytic degradation in aqueous systems, mineralization of 
these compounds is often incomplete and many of the organic products identified retain the core 
quinolone ring structure, which is essential to FQs’ antibacterial activities [23]. Thus, the 
quantitative efficacy of these treatment processes for removing antibacterial activity remains 
unclear. To address this, quantitative in vitro bioassays were performed on irradiated ciprofloxacin 
samples to quantify associated changes in apparent antibacterial activity during photo(cata)lytic 
treatment. 
Figure 2.4 shows the growth inhibition data corresponding to the concentration data in 
Figure 2.2, where percent growth inhibition of the reference bacterium, I (eq. (2.1)), is plotted 
against the log of the corresponding sample dilution, 1/mn – where m represents the serial dilution 
factor used in preparing each dilution series (i.e., 2 in the present case) and n represents the number 
of dilution steps for an individual member of the dilution series derived from a given sample (e.g., 
5 for the 5th serial dilution in a series), to yield the pictured dose-response plots. 
According to Figure 2.4, both photolytic and photocatalytic treatment of ciprofloxacin 
results in a shift of the corresponding dose-response curves to the right of the respective 
dose-response plots over time. This indicates that for the dilution series obtained from each 
progressively more irradiated sample, the corresponding measured onset of bacterial growth 
inhibition occurs at diminishing levels of sample dilution until only the least diluted (i.e., most 
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concentrated) members of the dilution series for a highly irradiated sample exhibit measurable 
growth inhibition. That is, the higher the degree of irradiation, the lower the degree of antibacterial 
activity for the corresponding sample. This finding indicates that all three processes reduce the 
antibacterial activity of ciprofloxacin solutions with increasing irradiation. 
The apparent relationships between serial dilution data and I values can be quantitatively 
evaluated using a 5-parameter modified Hill model, or Richard’s equation [24], 
    SH 1loglogEC tmin,tmax,tmin, 50101 %) ,inhibition(Growth    nmIIII   (2.2) 
where logEC50 represents the log of the effective dose (i.e., dilution) at which 50% growth 
inhibition is observed for each sample, H is the Hill slope inherent to the dose-response 
relationships obtained for the present experimental conditions, S is a parameter quantifying the 
asymmetry of the dose-response curve slope [24], and Imax,t and Imin,t represent the mean values of 
maximum and minimum growth inhibition determined for each sample data set as a whole. 
EC50 values for untreated ciprofloxacin and individual irradiated samples were determined 
by fitting eq. (2.2) to experimental data. Average dose-response curves were obtained for each 
member of the photolysis and photocatalysis sample series by simultaneous non-linear regression 
of the 11 replicate data-sets corresponding to the untreated standard and 10 samples collected for 
each treatment process, using GraphPad Prism (GraphPad Software). To maximize the accuracy of 
model fits, Prism was constrained to solve for the shared, best-fit values of H, S, Imax,t, and Imin,t 
characterizing dose-responses for each of the three sample sets (e.g., UVA photolysis samples is 
one sample set) as a whole, while logEC50 was allowed to vary across samples in a given set. 
The changes in EC50 values for samples during treatment with increasing irradiation time 
can be quantitatively compared to the measured decrease in ciprofloxacin concentration by 
calculation of a “potency-equivalent” (PEQ) value for each irradiated sample, 
 X50,50,0 ECEC  PEQ    (2.3) 
where EC50,0 is the EC50 value calculated from the measured dose-response relationship for the 
untreated ciprofloxacin, and EC50,X represents the EC50 value calculated from the dose-response 
data measured for a given treated sample. 
The PEQ values for ciprofloxacin solutions during each of the photo(cata)lytic 
experiments are plotted as a function of irradiation time in Figure 2.2 (open symbols). The 
time-dependent trends for the PEQ values agree closely with the trends in measured ciprofloxacin 
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concentration (C/C0, closed symbols). This finding indicates that the antibacterial activity of the 
irradiated solutions generally correlates well with the residual ciprofloxacin concentration present 
in the solution, and that the collective antibacterial activity of the reaction products does not appear 
to be significant in comparison with the parent compound. Collectively, the “stoichiometric” 
relationship between the PEQ and the residual ciprofloxacin concentration in different irradiated 
samples is shown in Figure 2.5. This representation of the data illustrates that over the full course 
of each experiment, for every mole of ciprofloxacin degraded during photolysis or photocatalysis 
experiments, the antibacterial activities of the treated solution decreased by approximately one 
“mole”. This in turn indicates that ciprofloxacin deactivation is close to stoichiometric for each 
process. However, one should note that PEQ values measured at less than 50% ciprofloxacin loss 
for all three processes exhibit a non-negligible positive deviation from the stoichiometric 
deactivation line. Although these deviations do not exceed 15%, and may be the result of 
experimental artifacts, they could also be an indication that early forming intermediates retain a 
measurable degree of antibacterial activity. In contrast, at higher degrees of ciprofloxacin loss, 
measured potency values are well aligned with the stoichiometric deactivation line.  Although the 
reported growth inhibition trends correspond to a specific strain of E. coli, we can expect similar 
relative trends in growth inhibition with other bacteria, since the mechanism of fluoroquinolone 
activity is reportedly the same for all bacteria [2, 23]. 
2.4.6 Correlations of Ciprofloxacin Deactivation with Observed Structural 
Modifications 
The observed deactivation of ciprofloxacin can be qualitatively evaluated by examining 
the effects of each photo(cata)lytic process on FQ structural features critical to the mechanism by 
which FQs exert antibacterial activity. The antibacterial efficacy of individual FQs is determined 
by the net effect of drug uptake efficiency and ability to inhibit bacterial DNA replication [25]. Cell 
uptake is governed by FQ lipophilicity, and DNA replication inside the cell is believed to be 
blocked by FQ-specific hydrogen bonding and electrostatic interactions with relaxed bacterial 
DNA in the presence of DNA topoisomerase enzymes [2, 23]. 
The core quinolone structure is believed to be responsible for FQ-DNA binding [23]. 
Consequently, one might expect that degradation of this structure would be required to 
significantly reduce antibacterial activity. However, numerous products retaining the quinolone 
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structure are observed during photolytic and photocatalytic reactions that lead to stoichiometric 
deactivation (Table 2.1). These findings indicate that transformation of auxiliary functional groups, 
such as those present on C-6 and/or C-7 positions in the ciprofloxacin molecule (see parent 
structure in Table 2.1 for numbering), can also significantly diminish the parent compound’s 
antibacterial potency. 
The observed deactivation of ciprofloxacin by UVA photolysis may be attributable in part 
to substitution of the fluorine substituent at the C-6 position by -OH (leading to transformation 
product I). The fluorine substituent increases FQ cell penetration and DNA binding affinity, 
thereby making them much more potent than first-generation quinolone analogues [26]. However, it 
is also possible that deactivation of the ciprofloxacin structure during UVA photolysis may be 
attributable to fragmentation of its piperazine ring, as discussed below. Observations 
corresponding to UVA irradiation and deactivation in this study are consistent with previous 
semi-quantitative studies using agar-well diffusion assays [12, 13]. 
The primary structural modification that accompanies ciprofloxacin deactivation during 
TiO2 photocatalysis reactions appears to be piperazine (C-7 substituent) ring cleavage, as 
piperazine ring fragmentation is common amongst many of the organic transformation products 
detected during these processes.  The C-7 substituent plays a distinct role in influencing FQ 
potency: it is critical to the acid-base speciation and lipophilicity of FQs under physiological 
conditions [27], and is believed to be involved in recognition of and binding with the DNA 
topoisomerase enzymes [25]. 
Several FQs contain a piperazine ring at the C-7 position (e.g., ciprofloxacin, enrofloxacin, 
ofloxacin, and enoxacin). In piperazine-containing FQs, the combination of the piperazine amine 
protonation and carboxylic acid deprotonation at neutral pH yields a zwitterionic (net neutral) 
species in dynamic equilibrium with an uncharged species [27]. Uncharged species are significantly 
more lipophilic than charged analogues and therefore exhibit greater cell uptake.  Consequently, 
transformation of the piperazine group, particularly through fragmentation of the C-N bond at the 
secondary aliphatic piperazinyl nitrogen is expected to significantly alter the acid/base speciation 
of the molecule and affect FQ cell permeation.   Piperazine transformation may also reduce FQ 
binding affinity to DNA topoisomerases [25], rendering FQs less active in vivo.  In a previous study, 
Calza et al. (2008) observed the formation of piperazine ring-cleaved intermediates and quinolone 
hydroxylated intermediates as the initial products of ciprofloxacin UV photocatalysis.  Using 
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growth inhibition assays on Vibrio fischeri, they concluded that the initial products did not 
collectively exert greater antibacterial activity that the parent fluoroquinolone.  Findings in the 
present study generally confirm these observations, while also providing quantitative data related 
to deactivation stoichiometries. In addition, these findings show that visible light photocatalysis, 
while being less strongly oxidizing than UVA photocatalysis, nonetheless deactivates 
ciprofloxacin with efficiency comparable to UVA photocatalysis. 
As discussed above, the results of bioassays conducted for each treatment are all 
characterized by small positive deviations from stoichiometric deactivation at ciprofloxacin 
degradation <50%, suggesting possible production of intermediates that retain some antibacterial 
potency. For UVA photolysis, retention of some FQ potency early in the reaction may be due to the 
defluorinated product I, which – while expected to exhibit substantially diminished activity 
relative to ciprofloxacin [26] – may still retain sufficient activity to be measured in the 
microbiological assay utilized. Subsequent fragmentation of this molecule’s piperazine ring would 
presumably lead to a decrease in activity, consistent with the temporal evolution of Product I. 
Irrespective of organic product evolution trends, progressive elimination of ciprofloxacin activity 
does appear to correlate relatively well with the increasing release of nitrogen (as NH4+) from 
either the piperazine ring or quinolone moiety. 
For photocatalytic reactions, deviations from ideal deactivation stoichiometry cannot be 
definitively attributed to any single compound. However, the data points at which deviation from 
stoichiometric deactivation is observed in each photocatalytic process do appear to correspond to 
(a) a lag period preceding measurable ammonia formation, (b) the formation and loss of Product 
VII, and (c) the increase in abundance of Products III and IV (each of which has lost one nitrogen 
atom) (Table 2.1, Figure 2.3 and Figure 2.5). Thus, as in direct UVA photolysis, reductions in FQ 
antibacterial activities via the two photocatalytic processes also correlate with increasing nitrogen 
elimination (as NH4+), presumably from the piperazine moiety. 
2.4.7 Energy Input Comparison 
Whereas each of the three photochemical treatment systems examined in this study showed 
approximately equal effectiveness for deactivation of ciprofloxacin on the basis of deactivation 
stoichiometries, kinetics and energy inputs for the three processes differed substantially.  The 
energy efficiencies of each process can be evaluated for the present experimental setup by 
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comparing the respective radiant energy inputs required to decrease the antimicrobial potencies of 
ciprofloxacin solutions by one order of magnitude. 
The energy demands for the three treatment processes examined were evaluated using 
fluence (the product of incident irradiance and elapsed reaction time) as the energy metric. Using 
the irradiances for UVA and visible light conditions listed in the Experimental Section as input, the 
fluence requirements for reducing the PEQ by one order of magnitude are estimated to be 175 
J/cm2 (UVA-only), 29 J/cm2 (Vis-TiO2), and 20 J/cm2 (UVA-TiO2).  The equivalent fluence 
values on a volume basis for the 200-mL solutions are 8 kWh/m3 (UVA-only), 1.3 kWh/m3 
(Vis-TiO2), and 0.9 kWh/m3 (UVA-TiO2). This finding indicates that the UVA-TiO2 photocatalysis 
system is the most energy efficient process for achieving ciprofloxacin inactivation under 
laboratory conditions. 
2.5 Conclusions 
Although previous studies have indicated qualitatively or semi-quantitatively that direct 
UVA photolysis or UVA-TiO2 photocatalytic destruction of fluoroquinolone antibacterial agents 
may result in the ultimate elimination of their antibacterial activities, the present investigation 
provides quantitative measurements of the effectiveness with which each process deactivates a 
model fluoroquinolones, ciprofloxacin. Furthermore, this contribution provides substantially new 
data related to the efficiencies with which UVA photolysis and UVA- and visible-light driven TiO2 
photocatalyses are capable of eliminating the antibacterial activity of the model fluoroquinolone 
ciprofloxacin.  The results from this study have several implications for the treatment of 
fluoroquinolones and also other pharmaceutical agents in aqueous solutions: 
 Ciprofloxacin antimicrobial potency was degraded during photo(cata)lytic treatment by 
transformations to the piperazine and fluorine substituents, even while the core quinolone structure 
remained intact.  We may infer from these results that FQ deactivation can be achieved by 
chemical treatment processes that are not sufficiently oxidative to mineralize the quinoline ring but 
can affect significant transformations to auxiliary functional groups on the FQ molecule.  
Additionally, these results may have ramifications for the treatment of other pharmaceuticals in 
wastewaters. Treatment processes that can alter cell uptake and/or specificity of molecules for 
biological receptors even through minor structural transformations may prove successful in 
deactivating these molecules.  The significance of this finding is that energy-intensive advanced 
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oxidation processes, which can mineralize compounds, may not be the only solutions to decreasing 
the toxicity of pharmaceutically contaminated waters. 
 The current experiments conducted in deionized water yielded greater deactivation energy 
efficiency for UVA-TiO2 photocatalysis relative to Vis-TiO2. However, it should be kept in mind 
that natural waters often contain constituents that attenuate UV light (e.g., dissolved organic matter 
(DOM)) or scavenge hydroxyl radicals (e.g., DOM, bicarbonate) that are formed by the 
semiconductor charge separation mechanism. In aqueous systems more representative of natural 
or wastewaters, the high FQ-selectivity of the Vis-TiO2 process and the higher transmissivity of 
visible light (relative to UVA light) may ultimately make Vis-TiO2 photocatalysis more energy 
efficient for FQ deactivation than the less-selective UVA-TiO2 treatment process. With that being 
said, natural waters can also contain constituents that compete with ciprofloxacin for available 
adsorption sites on the TiO2 surface (e.g., DOM, various inorganic anions), inhibiting the Vis-TiO2 
reaction. Further research is needed to evaluate the energy requirements of these processes in more 
complex water matrices, as well as in pilot- or full-scale flow-through reactors more representative 
of engineered treatment systems. 
 Although the relative energy efficiency of the three photo(cata)lysis processes is expected to 
be influenced by solution conditions, ciprofloxacin degradation by any of these processes is 
expected to achieve approximately stoichiometric deactivation of antibacterial potency, 
irrespective of energy requirements or the rates at which degradation proceeds in treated waters. 
That is, for all of the processes investigated, reductions in ciprofloxacin concentrations should 
correspond directly with reductions in the antibacterial activity attributable to ciprofloxacin.  
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2.8 Figures and Tables 
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Figure 2.1. Simplified depiction of the proposed mechanisms for ciprofloxacin degradation via the semiconductor charge 
separation, direct photolysis, and charge transfer mechanisms. Detailed descriptions of individual mechanisms are provided 
elsewhere [11, 14, 16].
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Figure 2.2. Ciprofloxacin degradation and changing antibacterial potency (PEQ) during 
UVA-only, Vis-TiO2, and UVA-TiO2 batch reactions. Reaction conditions: [Ciprofloxacin]0 = 
100 μM, 0.5 g/L TiO2, pH 6, and 25 °C. 
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Figure 2.3. Temporal evolution of prominent inorganic and organic transformation products during UVA photolysis (a, b), 
Vis-TiO2 photocatalysis (c, d), and UVA-TiO2 photocatalysis (e, f). Solutions initially contain 100 μM ciprofloxacin at pH 6 and 
25 °C. Numbers associated with organic products represent the m/z values [M + H]+ obtained from MS/MS analysis (proposed 
structures provided in Table 2.1). Normalized peak areas represent the ion peak area divided by the maximum peak area 
observed for the ion during the reaction timecourse. Lines are included for emphasis of temporal trends.
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Figure 2.4. Dose-response relationships for deactivation of ciprofloxacin via (a) UVA 
photolysis, (b) Vis-TiO2 photocatalysis, and (c) UVA-TiO2 photocatalysis in solutions initially 
dosed with 100 μM ciprofloxacin at pH 6, 25 °C, and 0.5 g/L TiO2 (for photocatalysis 
experiments). The averages of triplicate experimental measurements are shown with 
corresponding 95% confidence intervals. The independent variable “dilution” is equal to 
1/2n, where “2” is the serial dilution factor used in preparing dose-response series (i.e., for 
2-fold, or 1:1 dilution), and “n” the number of times a given sample has been serially diluted 
relative to the corresponding parent sample (i.e., 1/20 = 1 corresponds to the undiluted 
sample). 
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Figure 2.5. Correlations between measured residual ciprofloxacin concentration and 
measured antibacterial potency equivalents in irradiated ciprofloxacin solutions during 
photolytic and photocatalytic degradation experiments, relative to untreated ciprofloxacin 
control solutions. 
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Table 2.1. Structures and mass spectral data for ciprofloxacin and postulated 
transformation products, as determined from LC-MS/MS 
ID ESI(+)MS (m/za) ESI(+)MS/MS (m/za) Proposed structure 
Ciprofloxacin 332 
314, 288, 273, 268, 245, 
231, 227, 217, 205 
OH
O
F
NH
N
1
5
6
7
8
3
4
O
2
N
 
Photolysis    
I 330 
312, 286, 243, 217, 202, 
200 
OH
O
OH
NH
N
O
N
 
II 316 298, 227, 212 
O
OH
O
NH
N
O
NH
 
or 
O
OH
O
NH2
N
O
N
 
Photocatalysis    
III 263 245, 217, 204, 189, 177 
OH
O
F
N
O
NH2
 
IV 291 273, 245, 217, 205, 177 
O
OH
O
F
N
O
NH
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Table 2.1. (cont.) 
ID ESI(+)MS (m/za) ESI(+)MS/MS (m/za) Proposed structure 
V 334 316, 245, 230, 217 
O
OH
O
F
NH
N
O
NH
 
or 
O
OH
O
F
NH2
N
O
N
 
VI 362 
344, 316, 299, 273, 259, 
245 
O
O
OH
O
F
NH
N
O
N
 
VII 306 
288, 268, 245, 227, 218, 
204 
OH
O
F
NH2
N
O
NH
 
VIII 364 Complex spectrum See Section 2.4.3 
a m/z values represent [M + H]+ from positive ionization of molecules during MS analysis 
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CHAPTER 3  
SURFACE COMPLEXATION OF FLUOROQUINOLONE ANTIBIOTICS 
TO NANO-ANATASE TIO2 PHOTOCATALYST SURFACES 
3.1 Abstract 
Fluoroquinolones (FQ) are an important class of antibacterial agents widely detected as 
micropollutants in aquatic environments impacted by wastewater treatment plant effluent.  In the 
present contribution, the surface complexation behavior of ofloxacin, a zwitterionic FQ, to 
nano-anatase titanium dioxide (TiO2) is characterized under a range of environmentally relevant 
solution conditions, including two different background electrolytes, sodium salts of chloride and 
perchlorate.  The effect of ofloxacin adsorption on rates of visible light photocatalytic oxidation 
in TiO2 suspensions is also investigated.  The extent to which ofloxacin adsorbs to TiO2 in 
aqueous suspensions was measured over a range of FQ concentration, pH, and electrolyte identity 
and concentration, and in situ spectroscopy measurements were used to characterize the structures 
of adsorbed FQ species.  A red shift in the ultraviolet-visible spectrum of ofloxacin is observed, 
indicating formation of inner-sphere surface coordination complexes between ofloxacin and 
surface-bound Ti(IV) ions. Attenuated total reflectance – Fourier Transform infrared (ATR-FTIR) 
spectra of TiO2-adsorbed ofloxacin are invariable over a wide pH range (3-8) and are similar to 
spectra of dissolved ofloxacin species wherein the carboxylate group is deprotonated, consistent 
with bridging bidentate coordination of this group to surface Ti(IV) ions.  A Charge Distribution 
(CD) surface complexation model (SCM) constrained by spectroscopic observations is employed 
to describe macroscopic adsorption trends.  When NaCl is used as the background electrolyte, a 
successful surface complexation model includes formation of a single tridentate ofloxacin-TiO2 
surface complex involving inner-sphere bridging bidentate complexation of both carboxylate 
oxygens and hydrogen bonding between a neighboring carbonyl oxygen atom and a protonated 
surface hydroxyl group (≡TiOH2+0.5).  When NaClO4 is used as the background electrolyte, 
successful model fitting of experimental data requires a second surface complex wherein the 
protonated amine group in the ofloxacin structure forms an ion pair with ClO4-, and observed rate 
constants for visible light (λ > 400 nm) TiO2 photocatalytic oxidation of ofloxacin correlate with 
model predictions of the non-ion paired surface complex. To our knowledge, this is the first 
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application of the CD SCM formalism to describe adsorption of zwitterionic organics to 
aqueous-metal oxide interfaces. 
3.2 Introduction 
Fluoroquinolones (FQs) like ofloxacin (OFX) are a class of broad spectrum antibacterial 
agents that inhibit bacterial growth by blocking DNA replication enzymes.[1]  FQs have been 
extensively applied for disease prevention in human medicine and in commercial animal rearing 
operations.[2]  In recent years, FQs and other antibacterial agents have emerged as aqueous 
micropollutants that are widely detected in human-impacted surface waters across the world.[3-5]  
Incompletely metabolized FQs have been detected in both wastewater sludge-treated agricultural 
soils and in surface waters influenced by effluent from wastewater treatment plants.[6, 7]  Aqueous 
FQ concentrations as low as 1 μg/L have been shown to adversely affect microbial ecology[8] and 
mixtures of FQs with other pharmaceutically active compounds at environmentally relevant 
aqueous concentrations have been shown to elicit negative responses in human embryonic cell 
development[9].  In addition, there are serious concerns about environmental releases of 
antibacterial agents promoting emergence of antibiotic resistance genes in pathogenic 
microorganisms. 
Concerns about the environmental and human risks associated with contamination of 
aquatic systems by FQs and other antibacterial agents has prompted research on effective and 
efficient engineered treatment technologies. Photocatalytic treatment technologies have been 
shown to be effective for many classes of organic pollutants, and recent work indicates that FQs 
can be effectively transformed to non-potent products by both ultraviolet-A (UVA; 320 nm < λ < 
400 nm) and visible light (λ < 400 nm) photocatalysis using nanophase titanium dioxide (TiO2) 
materials[10, 11].  Visible light photocatalysis of FQs has several advantages over UVA 
photocatalysis, including greater selectivity for FQs and greater exploitation of the full solar 
spectrum for sunlight-driven processes.  Results from previous work indicate that FQ adsorption 
to the TiO2 surface is a critical step in the proposed mechanism[12].  However, the molecular 
structures of FQ species adsorbed to TiO2 surfaces and environmental factors controlling FQ 
adsorption to TiO2 are not well understood.  
A number of recent studies have examined adsorption of FQs to mineral surfaces, 
including aluminum (hydr)oxides[13, 14], iron (hydr)oxides[13, 15, 16], manganese oxides[17], silica[14], 
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and aluminosilicate clays[18-20]. In some studies, spectroscopic measurements have been used to 
probe the structures of the adsorbed FQ species, and various structures have been proposed for 
binding to different surfaces, including structures where carboxylate[13-15], carbonyl[13, 14], and 
amino[14] Lewis base groups bind to mineral surface sites. However, spectroscopically derived 
structural information has not been incorporated into adsorption models, and currently no models 
are capable of accurately predicting the extent of FQ adsorption to TiO2 and related metal 
(hydr)oxide surfaces at variable solution conditions (e.g., pH, electrolyte composition). To date, 
attempts to model FQ adsorption processes has been mostly limited to solution-specific isotherms 
[14, 21] and calculation of aqueous/surface partition coefficients (Kd values)[19] for individual FQ 
aqueous species. Modeling adsorption of FQs like OFX to variably charged surfaces is 
complicated by the zwitterionic structures that predominate at neutral pH conditions (Figure 3.1). 
Simultaneous presence of anionic and cationic functional groups leads to both attractive and 
repulsive electrostatic interactions with charged surfaces, the relative strengths of which will vary 
depending on the orientation of the adsorbing molecules. Such complex interactions cannot be 
realistically accounted for by classical point-charge surface complexation modeling approaches 
that treat zwitterions as neutral molecules that have no net electrostatic attraction/repulsion from 
charged surfaces[22]. 
This contribution reports the results of work designed to characterize FQ-TiO2 bonding 
interactions and to use structural information to formulate a surface complexation model capable 
of describing the extent of OFX adsorption to TiO2 over wide-ranging solution conditions (FQ 
concentration, pH, and background electrolyte identity and concentration). Structural information 
on adsorbed OFX was obtained from in situ ultraviolet-visible and infrared spectroscopic 
measurements. The charge distribution (CD) approach of Hiemstra and Van Riemsdijk[23] was then 
used to incorporate structural information and handle functional group-specific electrostatic 
interactions in a surface complexation model. Finally, measured rates for visible light 
TiO2-photocatalyzed oxidation of ofloxacin are analyzed in light of surface complexation model 
predictions of ofloxacin surface speciation.  
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3.3 Materials and Methods 
3.3.1 Materials 
All reagents were used as received from the suppliers without further purification.  
Ofloxacin (>99%), sodium perchlorate (98%), sodium chloride (> 99%), HCl (1.0 N reference 
standard), NaOH (1.0 N reference standard), HNO3 (1.018 N reference standard), sodium 
1-heptane sulfonate (SigmaUltra), and concentrated ortho-phosphoric acid were purchased from 
Sigma Aldrich.  Concentrated HClO4 was obtained from Fisher Scientific.  All solutions were 
prepared in deionized water (Nanopure system; > 18 M.cm resistivity). 
Hombikat UV100, a nanophase anatase TiO2 (>99%) of average particles size <10 nm [24] 
was supplied by Sachtleben Chemie (Duisburg, Germany).  Specific surface area was previously 
determined to be 290 m2/g using N2 adsorption/desorption B.E.T. isotherm measurements.[12] 
3.3.2 In Situ Spectroscopy 
Structural information on OFX species adsorbed at the aqueous-TiO2 interface was 
obtained using in situ ultraviolet-visible (UV-Vis) and Fourier Transform infrared (FTIR) 
spectroscopic methods.  UV-VIS spectra of OFX dissolved in aqueous solution and present in 
aqueous suspensions of TiO2 were measured on a Shimadzu UV-2550 spectrophotometry outfitted 
with an ISR-240 integrating sphere accessory. Solutions and suspensions were placed in 1 cm 
cuvettes and triplicate absorbance spectra were collected and averaged from λ = 300-600 nm at 2 
nm resolution against a deionized water background. Spectral contributions of OFX in TiO2 
suspensions, including both dissolved and adsorbed species, were isolated by subtracting spectra 
of OFX-free TiO2 suspensions from spectra of OFX-amended TiO2 suspensions. Suspensions were 
mixed by repeated uptake and release from a pipettor prior to collecting each replicate spectra. 
FTIR spectra were collected on a ThermoNicolet (Nexus 670) instrument with deuterated 
triglycine sulfate (DTGS) detector outfitted with a horizontal attenuated total reflectance (ATR) 
accessory (45 AMTIR crystal; Pike Technologies, Madison, WI, USA).  Spectra were obtained 
by averaging 100 scans at 4 cm-1 resolution using deionized water as a background spectrum. 
Spectral contributions from OFX were isolated by subtracting spectra of comparable pH-adjusted 
electrolyte-only solutions. All spectral processing was performed using OMNIC software 
(Thermo Scientific). 
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FTIR spectra of aqueous OFX solutions (5 mM OFX in 10 mM NaCl background 
electrolyte) were collected at different pH conditions after adjustment with NaOH/HCl.  
Solubility limitations of OFX in NaClO4 solutions did not permit collection of 5 mM aqueous 
spectra over the complete pH range investigated here (3-11). To obtain FTIR spectra of OFX 
adsorbed to TiO2, a thin porous film of TiO2 was first deposited on the ATR crystal by applying 
0.05 mL of a 5g/L TiO2 suspension on the crystal surface and drying at 60o C overnight.  The 
resulting porous film was stable during the course of the FTIR adsorption experiments.  Fresh 
pH-adjusted 100 μM OFX solutions containing 10 mM NaCl or NaClO4 as background electrolyte 
were then repeatedly introduced into the ATR flow-cell accessory containing the TiO2 film and 
spectra were recorded after a 10 min equilibration period.  Preliminary tests showed that three 
sequential volume additions (3 ml of fresh OFX solution per addition) were sufficient to achieve 
equilibration of the TiO2 film with the overlying 100 μM OFX solution.  Spectra were unaffected 
by further injections of fresh OFX solutions and/or longer equilibration times. Absorbance of 
aqueous-only solutions containing 100 M OFX were minimal, demonstrating that absorbances 
recorded when thin films were present were due to OFX adsorption to TiO2.  
3.3.3 Acid-Base Titrations of TiO2 
Potentiometric acid-base titrations of TiO2 particles were conducted to determine surface 
charging behavior, acid-base and electrolyte ion binding parameters for the surface complexation 
model.  Two hundred mL of 5 g/L TiO2 suspensions were titrated at three different ionic strengths 
(I = 0.001 M, 0.01 M, and 0.1 M NaClO4).  A known volume of standard HNO3 (1.018 N) was 
initially added to adjust suspensions to acidic conditions (~ pH 4 for 0.001 and 0.01 IS, ~pH 3 for 
0.1 IS).  After acid adjustment, the suspensions were sparged with CO2-free ultra-pure air for 1.5 
h prior to titrating and also during the titrations to exclude dissolved carbonate species.    
Titrations were then performed up to pH 10 by adding 1 M NaOH in 10-20 μL increments and 
recording equilibrium pH (typically obtained within 5 min). 
3.3.4 OFX Adsorption Edge Titration Experiments 
Equilibrium OFX adsorption edge titration experiments were conducted in batch aqueous 
suspensions of TiO2.  Two hundred mL of ionic strength-adjusted (NaCl or NaClO4) aqueous 
TiO2 suspensions (0.5 g/L) were sparged with CO2-scrubbed ultrapure air for 1.5 h prior to the 
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experiment at low pH (~4) and throughout the duration of titration experiments to exclude 
dissolved carbonate species.  Suspensions were adjusted to pH 11 using NaOH (where FQ 
adsorption is minimal) and the desired OFX concentration was added to initiate the experiment.  
The suspensions were then titrated to lower pH values in approximately 0.5 pH intervals using HCl 
or HClO4. After each acid addition, the suspension was allowed to equilibrate for 10-15 minutes to 
reach a stable pH reading before collecting an aliquot for analysis; separate kinetic tests showed 
that equilibrium is reached within 5 min.  The suspension aliquot was then transferred into a 
centrifuge tube with zero head space and sealed to prevent re-equilibration with atmospheric CO2.  
The collected aliquots were centrifuged (13,200 rpm for 30 min, Eppendorf 5415D) and 
supernatants were collected and analyzed for FQ concentration by high performance liquid 
chromatography with photodiode array detection (HPLC-PDA) as described previously.[12]  
Adsorbed FQ concentrations were determined by subtracting measured supernatant FQ 
concentration from the total added FQ (measured from FQ- desorbed samples at pH 11). 
3.3.5 Surface Complexation Modeling 
TiO2 acid-base titration and OFX adsorption data were fit using a CD surface complexation 
model built using Mathematica™ software utilizing a tableau-based approach to describe the 
OFX-TiO2 system.  The system was defined by a series of reactions that describe aqueous phase 
acid-base speciation of OFX, surface protonation of the anatase (101) crystal surface, background 
electrolyte binding (Na+, and ClO4-, Cl-), and surface complexation of OFX. TiO2 surface charging 
and electrolyte binding parameters were first determined by fitting of TiO2 acid-base titration 
measurements; these parameters were then held constant when fitting OFX adsorption data. The 
stoichiometry and interfacial charge distribution of OFX-TiO2 surface complexes considered for 
fitting batch adsorption data were constrained by structural information derived from 
spectroscopic observations.  For each OFX surface complex considered during model fitting, one 
or both of the following two parameters were varied: the stability constant (logK) and the charge 
distribution (CD) value, representing the ligand charge directed into the 0-plane. All other 
parameters were fixed at values obtained from literature (e.g., aqueous phase OFX acid-base 
speciation, crystal structure of anatase 101 surface) or through fitting of surface charging data 
obtained from TiO2 acid-base titrations (proton and electrolyte binding constants, Stern layer 
capacitance).  For each electrolyte system, five pH adsorption edge data sets for OFX (3 OFX 
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concentrations at fixed ionic strength, 3 ionic strengths with fixed OFX concentrations) were 
simultaneously fit by least squares to obtain optimized values for the stability constants and CD 
values of OFX-TiO2 surface complexes. 
3.3.6 Visible Light TiO2 Photocatalytic oxidation of OFX 
Batch kinetics experiments were conducted to measure rates for visible light photocatalytic 
degradation of OFX at variable pH conditions. Experiments were conducted using a photoreactor 
setup and procedures described previously[11]. Briefly, suspensions containing 0.5 g/L TiO2, 100 
μM OFX, and 0.01 M NaClO4 were prepared and pH was adjusted using HClO4/NaOH.  
Suspensions were pre-sparged under darkness with CO2-scrubbed air for 30 min prior to initiating 
kinetics experiments and throughout the reaction.  Two aliquots were collected prior to irradiation, 
one centrifuged directly and analyzed to determine the extent of OFX adsorption at reaction pH 
conditions, the second adjusted to pH 11 to ensure OFX desorption before centrifuging and 
analyzing for total OFX concentration.  An automatic pH stat (Radiometer Analytical, TIM854) 
was used to maintain constant pH conditions during the reactions.  Individual experiments were 
initiated by irradiating the suspension with visible light (λ>400 nm from a 450 W collimated Xe 
Arc lamp source) and aliquots were collected at regular intervals to analyze OFX concentration 
remaining.  The pH of the collected aliquots was adjusted to 11 to ensure OFX desorption and 
then centrifuged before analyzing for total OFX (aqueous + adsorbed) with HPLC-PDA. 
3.4 Results and Discussion 
3.4.1 Aqueous Speciation and Structure 
Ofloxacin has two exchangeable protons within environmentally relevant pH ranges 
(Figure 3.1): one on the carboxylic acid group and the other on the tertiary aliphatic amine located 
on the piperazine ring.  Although the order of functional group deprotonation can vary, the 
dominant species result from sequential deprotonation of the carboxylic acid at pKa1 (5.9[25]) 
followed by the amine at pKa2 (8.3[25]).  The net result of this acid-base speciation is 
predominance of a cationic species at pH < pKa1, a zwitterionic species at pH values between pKa1 
and pKa2, and an anionic species at pH > pKa2.  Although a neutral FQ species (where the amine is 
deprotonated, but the carboxylic acid group remains protonated, Figure 3.1) is also present, 
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examination of microdissociation constants of several zwitterion-forming FQs reveals that the 
zwitterionic species greatly predominates over the neutral species in aqueous solutions.[26-28] 
Figure 3.2 shows ATR-FTIR spectra of aqueous OFX collected at varying pH conditions, 
with important vibrational band assignments labeled.  The spectra exhibit complex features, but 
vibrational modes related to the protonation state of the IR-active carboxylic acid group can be 
readily identified based on previous studies of carboxylate molecules, including FQs.[13-15, 20, 29]  
Asymmetric and symmetric stretching modes of the deprotonated carboxylate group appear at 
νCOO,as = 1582 cm-1 and νCOO,s =1340 cm-1[14],respectively, at pH > pKa1. These peaks decrease in 
intensity at lower pH conditions and are replaced by a peaks assigned to stretching of the C=O 
bond in the protonated carboxylic acid group (νC=O,carboxyl = 1710 cm-1)[14].  Another prominent 
peak located at 1272 cm-1 also appears at pH > pKa1, and has previously been attributed to 
scissoring (νCOO,sc) of the deprotonated carboxylate group in the structure of ciprofloxacin, a 
structurally related FQ antibacterial agent.[15, 20] Together, these spectral trends support the 
conclusion that the predominant molecular changes occurring at pKa1 involve the carboxylate 
functional group and that the zwitterionic species predominates over the neutral species when pKa1 
< pH < pKa2. 
In contrast to the IR-active carboxylate group, vibrations associated with amine functional 
groups do not exhibit strong spectral features. Previously, spectral features at ~1400 cm-1 have 
been attributed to piperazine ring amine functional groups in structure of FQs[14].  However, the 
largest changes in absorbance of this peak occur at pH ~ pKa1, indicating a stronger relation of the 
band to the deprotonated carboxylate group.  Instead, the most prominent change at pH ~ pKa2 
occurs at 1380 cm-1.  
Other peaks have also been assigned previously for spectra of aqueous OFX and 
structurally related FQs. [14, 15, 20] Of particular note, a prominent peak at 1622 cm-1 has previously 
been assigned to stretching of the quinoline ring carbonyl group (νC=O,carbonyl)[14].  A small upshift 
in this peak occurs at pH < pKa1, which is attributed to a decrease in Fermi resonance as a result of 
intramolecular hydrogen bonding that occurs between the quinolone ring carbonyl group’s oxygen 
and the proton from the carboxylic acid group.[15] Intramolecular hydrogen bonding stabilizes the 
protonated carboxylic acid group[30, 31] and is responsible for the relatively high pKa values of 
carboxylate groups in FQ structures compared to aromatic carboxylic acids such as benzoic acid 
(pKa = 4.2).[32] Similar band upshifts have also been reported for aqueous solutions of 
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ciprofloxacin, and have also been attributed to reduced electron density on the quinolone ring due 
to the electron-withdrawing properties of the protonated carboxylic acid group.[20]  
3.4.2 Bonding and Structures of Adsorbed OFX 
Figure 3.3 compares the UV-Vis spectra of OFX dissolved in aqueous solution and present 
in TiO2 suspensions at conditions where a significant fraction of the antibacterial compound is 
adsorbed to the metal (hydr)oxide mineral. Adsorption of OFX to the surface results in increased 
absorbance at λ > 300 nm, which is attributed to the formation of a ligand-to-metal charge transfer 
(LMCT) upon OFX coordination with one or more surface Ti(IV) ions. A similar spectral red shift 
was also observed in diffuse reflectance UV-Vis measurements previously reported for 
ciprofloxacin adsorption to TiO2, and is believed to be critical to the proposed surface 
complex-mediated charge transfer mechanism proposed for visible light TiO2 photocatalytic 
oxidation of FQs[11].  Spectra of dissolved OFX collected at other pH conditions do not exhibit 
similar spectral shifts, confirming that the spectral change cannot result from changes in acid-base 
speciation of OFX (e.g., deprotonation of the carboxylate group upon adsorption).  
Figure 3.4 shows the ATR-FTIR spectra of OFX adsorbed to TiO2 surfaces at different pH 
conditions. For reference comparison, spectra are also shown for aqueous OFX collected at pH 
conditions where the carboxylate group is protonated (pH 3.1) and deprotonated (pH 7.1). Unlike 
the pH-dependent spectra of aqueous OFX, the spectral features of adsorbed OFX remain 
relatively constant at all pH conditions examined, largely corresponding with the spectra of 
aqueous OFX collected pH > pKa1, where the carboxylate group is deprotonated. Asymmetric and 
symmetric stretching modes of the deprotonated carboxylate group, νCOO,as and νCOO,s, match 
closely with those measured for aqueous OFX species.  In addition, a prominent absorbance band 
at 1272 cm-1 in the spectra of aqueous OFX attributed to scissoring of the deprotonated carboxylate 
group is also retained in the spectra of adsorbed OFX, although the peak upshifts slightly and 
broadens. In contrast, the position of band assigned to stretching of the quinoline ring carbonyl 
group (νC=O,carbonyl) is more consistent with that observed for aqueous OFX species when the 
neighboring carboxylate group is protonated (i.e., pH < pKa1).  
While spectral peak positions observed for OFX adsorbed to TiO2 are relatively invariable 
with pH, the spectral intensities at different pH conditions shown in Figure 3.4 do vary due to 
changes in the extent of OFX adsorption by the TiO2 film deposited on the ATR crystal.  The 
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observed spectral intensities are similar between pH 3-7, but drop off at pH  8.0, consistent with 
measured trends in the extent of OFX adsorption (see 3.3.4).  It is also worth noting here that the 
spectra shown in Figure 3.4 were collected in experiments where NaClO4 was used as the 
background electrolyte. Spectral features of adsorbed OFX were identical for comparable 
experiments conducted using NaCl as the background electrolyte, with the exception that the 
overall spectral intensity also decreases somewhat at lower pH conditions.  The different 
pH-dependent trends in spectral intensity observed with the two electrolytes is consistent with 
differences observed in batch adsorption experiments conducted with the two electrolytes (section 
3.4.3). 
The most significant observations in the ATR-FTIR spectra of OFX adsorbed to TiO2 are 
the close similarity to spectra of dissolved OFX species where the carboxylate group is 
deprotonated, even at pH conditions significantly below the pKa1 value. Similar observations of 
carboxylate deprotonation in adsorbed FQ species have been reported for other metal (hydr)oxide 
surfaces,[13, 15] and this leads to a conclusion that the dominant adsorbed species involves 
interaction of a deprotonated carboxylate group with the TiO2 surface. Additionally, the absence of 
spectral shifts in the νCOO,as and νCOO,s peaks indicates that the two carboxylate oxygen atoms retain 
equivalent coordination environments like in bulk solution. Although some studies interpret such 
observations to formation of solvent-separated outer-sphere surface complexes with mineral 
surfaces[33], other evidence supports an inner-sphere mode of coordination for FQs. First, the 
UV-Vis spectral shift observed upon OFX adsorption to TiO2 (Figure 3.3) resulting from formation 
of a new LMCT absorbance band is not possible if OFX is only interacting with surface Ti(IV) 
ions through solvent-separated ion pairs. This is further supported by the visible light 
photocatalysis process for FQ itself, which requires both a red shift in the OFX spectrum upon 
adsorption to generate a visible light-absorbing OFX surface complex as well as direct FQ-TiO2 
bond formation through which electrons can be transferred from the photo-excited FQ species to 
the TiO2 conduction band[11]. Finally, attempts to develop a surface complexation model using 
outer-sphere OFX-TiO2 complexes where the carboxylate group remains deprotonated were 
unsuccessful. Therefore, the lack of a significant shift in the νCOO,as and νCOO,s bands is ascribed 
here to inner-sphere bidentate coordination of the two carboxylate oxygen atoms with neighboring 
Ti(IV) surface sites (i.e., bridging bidentate coordination)[34]. Additional evidence for the 
involvement of the carboxylate group in surface coordination arises from the broadening of 
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spectral features assigned to COO- scissoring in the 1250 - 1300 cm-1 region.   
ATR-FTIR spectral trends also support involvement of the quinoline ring carbonyl group 
in OFX-TiO2 surface complex formation via hydrogen bonding interactions.  The observed 
upshift in νC=O,carbonyl upon OFX adsorption to TiO2 is similar to the band shift observed for 
aqueous OFX when the neighboring carboxylate group protonates. This suggests that the 
coordination environment of the quinoline ring’s carbonyl group is affected in a similar manner. 
The shift in νC=O,carbonyl upon protonation of the neighboring carboxylate group has been attributed 
the effects of intramolecular hydrogen bonding between the quinoline ring carbonyl group (H 
bond acceptor) and the protonated carboxylate group (H bond donor). Thus, the ATR-FTIR spectra 
suggest that the quinoline ring carbonyl group may also be forming hydrogen bonds with surface 
hydroxyl groups. The added contribution of the carbonyl group to FQ surface complex formation 
is also supported by previous IR studies showing that monocarboxylate ligands (e.g., benzoic acid) 
exhibit weak adsorption to TiO2 surfaces in comparison to similar compounds with additional 
adjacent chelating groups (e.g., amino, hydroxyl)[31, 35, 36]. 
Figure 3.5 shows the proposed dominant mode of OFX-TiO2 surface complexation derived 
from the collective in situ spectral observations shown in Figure 3.2−Figure 3.4. In the proposed 
tridentate surface complexation mode, both oxygen atoms from the carboxylate group exchange 
with surface (hydr)oxide ligands to form inner-sphere coordination complexes with neighboring 
Ti(IV) surface ions, and a third surface site interacts with the quinoline ring carbonyl group via 
hydrogen bonding interactions.  
3.4.3 Extent of FQ Adsorption 
The results of equilibrium batch adsorption pH-edge experiments for OFX are summarized in 
Figure 3.6 (NaCl electrolyte) and Figure 3.7 (NaClO4 electrolyte).  In general, OFX adsorption to 
TiO2 can be characterized by negatively sloped adsorption edges with minimal adsorption at 
higher pH conditions, characteristic of many classes of organic ligands.  At a fixed ionic strength 
(0.01 M), the absolute loading of adsorbed OFX (mole OFX adsorbed per m2 of TiO2 surface) 
increases with total OFX concentration (20 - 500 μM) (Figure 3.6a and Figure 3.7a), but the 
percentage of added OFX that adsorbs decreases as expected for site-limited adsorption processes.  
Somewhat more unexpectedly, at a fixed total OFX concentration (100 M), increasing 
solution ionic strength from 0.001 M to 0.1 M using either NaCl (Figure 3.6b) or NaClO4 (Figure 
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3.7b) as the background electrolyte leads to significant increases in OFX adsorption under acidic 
pH conditions. This contrasts with reports of adsorption for most classes of organic ligands, where 
increasing ionic strength tends to either decrease the extent adsorption or have little effect on the 
extent of adsorption[37].  The effect has usually been rationalized by the effects of varying ionic 
strength on non-specific electrostatic adsorption processes, where increasing electrolyte 
concentration leads to greater shielding of attractive electrostatic interactions between negatively 
charged ligands and positively charged metal (hydr)oxide surfaces that predominate under acidic 
pH conditions.  Therefore, increased OFX adsorption with increasing electrolyte concentration 
suggests instead that the increased electrolyte concentration is shielding repulsive electrostatic 
interactions between OFX and the TiO2 surface. For OFX and other zwitterionic FQs, this can be 
rationalized by considering potential electrostatic interactions between the charged TiO2 surface 
and the non-bonding amine group present on the piperazine ring. Under acidic pH conditions, TiO2 
surfaces exhibit a net positive charge and the amine group in the OFX structure is protonated at pH 
< pKa2, leading to an unfavorable electrostatic interaction which will be suppressed by increasing 
concentration of background electrolyte. 
The adsorption edge shapes and surface coverage are also influenced to some extent by the 
choice of background electrolyte. When NaCl is used (Figure 3.6), OFX surface coverage peaks at 
higher values for I = 0.001 - 0.01 M and OFX = 20-100 μM conditions and then steadily decreases 
with decreasing pH.  When NaClO4 is used instead (Figure 3.7), lower peak surface coverages of 
OFX are observed than with NaCl, but more interestingly the maximum extent of OFX adsorption 
tends to plateau at lower pH conditions in contrast to the trend observed when NaCl is used.  In 
addition, comparison of the adsorption edges measured at the highest ionic strength (I = 0.1 M) or 
highest OFX concentration (500 μM) conditions, OFX adsorption continues to increase with 
decreasing pH conditions when NaClO4 is used as electrolyte, whereas, similar data collected in 
the presence of NaCl shows a decreasing (I = 100 mM) or constant (500 μM) trend at low pH 
conditions. 
3.4.4 Surface Complexation Model 
OFX adsorption data was fit using surface complexation model that incorporates the 
charge distribution (CD) approach first developed by Hiemstra and Van Riemsdijk.[23]  This 
approach is especially suited for modeling the adsorption of multifunctional groups like OFX and 
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other zwitterionic FQs that contain both surface-bonding and non-bonding ionizable functional 
groups. Point-charge surface complexation models treat adsorbing species as having no size and a 
charge equivalent to the species net charge, which all must be placed either at a single plane within 
the Stern layer (inner-sphere complex) or in the diffuse layer (outer-sphere complex). In contrast, 
the CD model formulation allows for charge in the adsorbing species structure to be distributed 
across the solid/aqueous interface, enabling for more molecularly consistent handling of 
electrostatic interactions for complex adsorbing species. 
The CD model used here includes a basic Stern layer description of the electric double 
layer in which the aqueous side of the interface consists of two adjacent planes.  In the absence of 
other adsorbing species, the surface or 0-plane contains Ti(IV)-bonded oxygen atoms that give rise 
to surface charge through the adsorption and desorption of protons.  The second plane, removed 
from the surface, is the Stern plane, which is also the head of the diffuse layer.  Together, the 0- 
and Stern planes circumscribe the Stern layer. 
Before modeling the adsorption of OFX, the surface charging behavior of TiO2 was 
characterized by conducting acid-base titrations of TiO2 suspensions prepared in NaClO4 solutions 
of varying ionic strength (see Supporting Information section).  The number of surface sites that 
can participate in proton exchange reactions was derived from the anatase crystal structure.  X-ray 
diffraction patterns previously reported for the TiO2 material used (Hombikat UV100) indicate the 
predominant exposed crystal surface to be the (101) plane[38].  In vacuum, the anatase (101) 
surface plane consists of five-fold and six-fold Ti atoms bonded with two- and three-fold 
coordinated oxygen atoms.[39]  In the presence of water, the under-coordinated five-fold Ti 
hydrate, giving rise to singly-coordinated exchangeable water molecules and hydroxyl groups.   
From crystallographic considerations, the total density of these singly coordinated sites (TiOH) 
sites on the (101) plane of anatase is 5.2 sites/nm2.  A second protolyzable group on the anatase 
101 surface is bridged oxygen (Ti2O), which also exhibits a density of 5.2 sites/nm2. According to 
the revised multisite complexation (MUSIC) model for surface protonation,[40] these groups 
possess different fractional charges (-1/3 and -2/3 for the singly coordinated and bridged groups, 
respectively) and protonation constants. However, following Bourikas et al.,[41] a simplifying 
assumption was made that both sites have equivalent acid-base chemistry, reducing the surface 
charging behavior to a 1-pKa model,  
 ≡TiOH-0.5 + H+   ≡TiOH2+0.5   logKH = 5.6  (3.1) 
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where surface site charges are represented by the average of the two site types.  According to this 
model, the logKH value of the surface group is equivalent to pH of zero point charge (pHzpc), which 
was determined by the common intersection point of the surface acid-base titration curves.  The 
titration data fits also yielded the capacitance value for the Stern Layer and surface binding 
constants for background electrolytes (Na+ and ClO4-), which were assumed to reside at the Stern 
plane as point charges.  The surface binding constant for Cl- was taken from previous literature 
reports as titania surface charging in the presence of chloride has been extensively characterized[41].  
The surface charging model parameters are summarized in Table 3.1, and more detailed 
description of the surface charging model and fits of surface acid-base titration data are described 
in Supporting Information (section 3.6.1).  These parameters in the overall CD surface 
complexation model were then fixed as constants when fitting data for OFX adsorption to TiO2. 
OFX adsorption measurements shown in Figure 3.6 and Figure 3.7 were fit by considering 
formation of one or more predominant OFX surface complexes exhibiting the proposed tridentate 
binding mode derived from in situ spectroscopic observations (Figure 3.5). The proposed binding 
mode involves inner-sphere bidentate binding of the two carboxylate oxygen atoms and potential 
hydrogen bonding of the neighboring carbonyl group on the quinoline ring to an H atom of an 
adjacent singly coordinated group.  Describing the charge distribution in the surface complexes 
involves describing the changes in charge that occur at the 0-plane (∆z0) and the Stern plane (∆zs) 
during formation of a particular surface complex.  Inner-sphere bidentate binding of the 
carboxylate group places -1 valence units (v.u.) of charge from the adsorbing surface complex at 
the 0-plane. Formation of a hydrogen bond where the adsorbing functional group acts as H-bond 
acceptor is expected to place additional partial negative charge at the surface. Previously, Filius et 
al. (1997)[37] assigned -0.2 v.u. for H-bond formation between surface hydroxyl groups on goethite 
and oxygen atom from deprotonated carboxylic acid group. Thus, the proposed tridentate structure 
is expected to yield a best-fit CD value near -1.2 v.u. The net change in ∆z0 and ∆zs then are 
determined by the collective consideration of the CD value from the complex, the overall charge of 
the adsorbing molecular species, the number of protons involved in the surface complexation 
reaction, and H2O displaced from the surface by OFX surface complexation.  For example, for 
surface complexation of the aqueous zwitterionic OFX species by the proposed binding mode 
(Figure 3.8a), three protons are first brought to the surface (+3 v.u.) to convert three ≡TiOH-0.5 to 
≡TiOH2+0.5.  This is followed by the exchange of two of the resulting water molecules by the 
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incoming carboxylate oxygen atoms, which bring a total of -1 v.u. to the surface. Formation of a 
hydrogen bond between the third ≡TiOH2+0.5 group and the quinolone ring carbonyl is then 
expected to bring an additional approximately -0.2 v.u to the surface, resulting in ∆z0 = ~+1.8 (+3 
– 1 – 0.2) for the surface complex. Since the adsorbing zwitterion species of OFX has a net charge 
of zero, and because ~ -1.2 v.u. from the zwitterion is placed at the 0-plane, an equal and opposite 
amount of charge from the molecule must be placed at the Stern plane (∆zs ~+1.2 v.u.) to balance 
charge. 
Fits of OFX adsorption data in NaCl and NaClO4 electrolytes will now be discussed 
separately. Figure 3.6 shows the results of the surface complexation model fits of OFX adsorption 
experiments conducted in NaCl electrolyte solutions. A single tridentate surface complex 
involving the zwitterionic OFX species (H-OFX+/-) described in the preceding text was used to fit 
the experimental data: 
 OFX- + 4H+ + 3 ≡TiOH-0.5  ≡Ti3OH2(H-OFX)+1.5 + 2 H2O  (3.2) 
A simultaneous fit of all five measured pH adsorption edges yielded optimized values of the 
complex formation constant (logK = 16.85) and CD value (-1.25). Considering that only a single 
complex was needed to fit the entire data set, the model describes the measured OFX adsorption 
trends reasonably well, accounting for the major observed trends over a wide range of pH (3 – 11), 
OFX concentration (20 – 500 M), and ionic strength (0.001 to 0.1 M). Most notably, separation of 
charge in the adsorbing surface complex between the 0- and Stern planes led to correct predictions 
of the unexpected effect of increasing ionic strength increasing OFX adsorption under acidic pH 
conditions; point-charge surface complexation models would predict minimal effect of ionic 
strength for zwitterionic species with a net neutral charge.  Small improvements in the fits of 
individual adsorption edges could be achieved by fitting each pH edge experiment separately, but 
we chose to use a single model parameterization to best describe all measurements made. The fact 
that single surface complex with appropriate CD value is capable of describing the measured 
adsorption trends in batch experiments supports the pH invariant nature of ATR-FTIR spectral 
features of OFX adsorbed to anatase.  It is also noteworthy that the fit-derived CD value is close 
to the expected value for the proposed binding mode. Furthermore, similar fits and a similar 
binding constant value (logK = 16.87) were obtained if the CD value was fixed at -1.2 when fitting 
the measured adsorption data.  
Slightly different adsorption edge trends were observed in experiments conducted in 
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NaClO4 electrolyte, and a single tridentate surface complex was not sufficient to describe all the 
experimental data. Instead, successful fits in the NaClO4 system (Figure 3.7) were obtained by 
adding a second tridentate complex with similar surface binding and charge distribution, but with 
the additional assumption of ClO4- ion pair formation with the protonated amine group on the 
piperazine ring functional group (Figure 3.8b): 
 OFX- + 4H+ + 3 ≡TiOH-0.5 + ClO4-  [≡Ti3OH2(H-OFX)+1.5...ClO4-] + 2H2O  (3.3) 
A simultaneous fit of all five measured pH adsorption edges in NaClO4 using the two tridentate 
surface complexes, where the only adjustable parameter was the binding constant of the ion-paired 
complex (the logK and CD values for un-ion-paired complex were fixed at values determined from 
the NaCl system and the CD values for both complexes were assumed identical), yielded an 
optimum logK value (17.4).  Formation of the amine-perchlorate ion-paired surface complex is 
necessary to account for increased OFX adsorption observed in NaClO4 (relative to NaCl) at both 
acidic pH conditions and at higher OFX concentration.  Figure 3.7c shows an example of the 
predicted distribution of the ion-paired and non-ion-paired species formed in the presence of 
perchlorate.  Evidence for the formation of strong perchlorate ion pairs with quaternary organic 
cations can be found in ion pair chromatography techniques in which perchlorate is often used as 
an ion pairing reagent to improve retention of these organic cations[42].  Ion pair formation 
involving the ClO4- anion is also indirectly supported by the reduced aqueous solubility of OFX 
already noted in NaClO4 solutions compared to NaCl solutions (recall that aqueous ATR-FTIR 
spectra of aqueous OFX could only be measured in NaCl because the compound’s lower solubility 
in NaClO4). While ATR-FTIR spectroscopic measurements provide no specific evidence for or 
against formation of the ion-paired surface complex, the proposed ion-pair complex is still 
consistent with the structural constraints because the mechanisms by which the IR-active 
functional groups bind to the TiO2 surface are the same for both surface complexes. 
 
3.4.5 Implications for OFX Photocatalysis 
The proposed inner-sphere complexation mechanism for adsorption of OFX and related 
FQ antibacterial agents to TiO2 is consistent with the photo-induced electron transfer mechanism 
by which surface-complexed FQ molecules are photo-excited by visible light and subsequently 
inject electrons into an empty TiO2 conduction band[11].  Strong coupling between the ground 
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state of the chromophore (FQ) with Ti surface states lying in the semiconductor band gap can give 
rise to a new red-shifted band in the spectrum of TiO2[43].  The in situ UV-Vis spectrum of OFX 
adsorbed to TiO2 (Figure 3.3) demonstrates that the OFX spectrum is in fact extended into the 
visible light range (λ > 400 nm) upon complexation to the TiO2 surface,[11] providing support for 
the formation of a new LMCT absorption band (since neither TiO2 or the FQs absorb in the visible 
light region).  Orbital overlap between FQ and TiO2 would presumably be weaker for an 
outer-sphere complex resulting in weak electron transfer between the FQ molecule and the TiO2 
conduction band.  Furthermore, studies of other organic TiO2 photo-sensitizers show that the 
chromophores are often bound to Ti atoms through inner-sphere complexation involving 
oxygen-containing functional groups, often carboxylic acids[43].  Thus, the red shift in the TiO2 
spectrum, the visible light photo-excitation of surface complexed OFX, and CD model predictions 
support inner-sphere ligand exchange reactions as the dominant mode of OFX adsorption to TiO2. 
The surface complexation model predictions can also help to explain pH dependent trends 
in the rates of visible light photocatalytic oxidation of OFX and other FQs.  FQ photocatalysis 
experiments conducted in NaClO4 electrolyte solutions (in place of NaCl since Cl- can act as a 
radical scavenger in aqueous systems[44]) do not completely follow the pH dependent trend in total 
OFX adsorption.  However, application of the new surface complexation model reveals the 
measured rate constants for visible light-TiO2 photocatalysis of OFX track closely with the 
model-predicted concentration of the non-ion-paired complex described by eq 3.2 (Figure 3.9). It 
remains unclear why this surface complex is apparently subject to visible light photocatalysis 
while the ion-paired complex is not, but it may be associated with the fact that organic 
transformation products identified previously show that the piperazine ring (where ion pairing is 
believed to be centered) is the primary center for oxidative transformations[11, 12].   
3.5 Conclusions 
In this contribution, the nature of OFX-TiO2 complexation was probed and quantitatively 
modeled using a novel charge distribution surface complexation model.  Combined evidence 
from spectroscopic observations and macroscopic adsorption trends indicated inner-sphere surface 
interactions through anionic functional groups localized around a deprotonated carboxylic acid.  
Potential coordination structures for the OFX-TiO2 complex were incorporated into a surface 
complexation model that utilized the CD concept to account for complex electrostatic interactions 
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between the charged TiO2 surface and the zwitterionic FQ.  Best fit to macroscopic adsorption 
data was achieved by assuming a coordination structure composed of tridentate coordination 
between the carboxyl and carbonyl oxygen atoms in the OFX structure and Ti centers on the 
anatase 101 surface.  Additionally, the positively charged piperazine amine on the solution 
oriented portion of the zwitterionic FQ molecule is proposed to ion-pair with perchlorate anions, 
giving rise to enhanced FQ adsorption at low pH conditions.  Fitting of macroscopic adsorption 
data to produce the equilibrium constants for the FQ-TiO2 complexation reactions yielded a 
complete CD SCM model that accurately predicted the trends in FQ adsorption over a wide range 
of solution conditions. To our knowledge, this contribution represented the first application of the 
CD surface complexation modeling concept to describe zwitterionic adsorbates like FQ 
antibacterial agents that contain opposing ionic charges on bonding and non-bonding functional 
groups. The SCM also provides evidence to support a molecular-scale picture of the FQ-TiO2 
complex that can undergo visible light photocatalysis.  Similar models may be used to predict 
sorption and transport of FQs in porous media.  Strong mineral adsorption can result in lower 
bioavailability towards microbial degradation and may been associated with greater persistence of 
these compounds in soil environments[7].  Additionally, attachment to soil minerals can lead to 
decreased mobility in the aqueous phase, resulting in greater accumulation of these compounds at 
source regions.  Further investigations examining adsorption of OFX and structurally related FQs 
to a wider range of metal (hydr)oxides relevant to soil environments are provided in Chapter 4. 
3.6 Supporting Information 
3.6.1 TiO2 Surface Titrations and Model Fits 
Figure 3.10. shows the results of surface titration experiments and fits of 1-pKa model for 
the 101 crystal face of anatase, determined to be the predominant face for the nanoanatase material 
used in this study[38].  The model assumes a site density of 5.2 sites/nm2 for each of the two 
following protolyzable sites: 
 ≡TiOH-1/3 + H+ ↔ ≡TiOH2+2/3   logKH,1  (3.4) 
 ≡Ti2O-2/3 + H+ ↔ ≡Ti2OH+1/3   logKH,2  (3.5) 
According to the 1-pKa assumption, log KH,1= log KH,2 = pHzpc. Generalized, the model considers 
protonation and electrolyte binding at an average surface site according to the following reactions: 
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 ≡TiOH-0.5 + H+ ↔ ≡TiOH2+0.5   logKH  (3.6) 
 ≡TiOH-0.5 + Na+ ↔ ≡TiOH-Na+0.5   logKNa  (3.7) 
 ≡TiOH-0.5 + H+ + ClO4- ↔ ≡TiOH2-ClO4-0.5   logKClO4  (3.8) 
The surface charging model parameters determined from crystallographic constraints and surface 
titration fits are summarized in Table 3.1. The protonation constant and fit-derived Stern layer 
capacitance and ClO4- binding constant are within the range of values observed in previous studies 
with titanium oxides, while the binding constant for Na+ is lower.[41]  The resulting fits show 
deviations from experimental data above pH 9 due to a sharp increase in surface charge, 
potentially resulting from the porous nature of the anatase material used in this study. This may 
have resulted slower equilibration with bulk solution pH.  Similar sharp deviations from model 
fits have also been reported for 1-pKa model fits by Bourikas et al.[41] of anatase surface titration 
data from Kosmulski et al.[45] 
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3.9 Figures and Tables 
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Figure 3.1. Acid-base speciation of ofloxacin. 
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Figure 3.2. Effect of pH on ATR-FTIR spectra of aqueous OFX (5 mM OFX + 10 mM NaCl). 
 
 
68 
 
Figure 3.3. UV-Vis spectra of OFX in aqueous solution and aqueous TiO2 suspensions. 
Conditions: 7 M OFX, 0.5 g/L TiO2, pH 4.6, 0.01 M NaCl.  
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Figure 3.4. ATR-FTIR spectra of OFX adsorbed to TiO2 at different pH conditions, and 
comparison to spectra of aqueous OFX at pH conditions where the carboxylate group is 
protonated (pH 3.1) and deprotonated (pH 7.1). Conditions: adsorbed OFX in equilibrium 
with an overlying solution containing 100 M dissolved OFX, I = 0.01 (NaClO4 + HClO4). 
Aqueous OFX spectra same as Figure 3.3. 
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Figure 3.5. Proposed tridentate bonding mode for OFX surface complexation to TiO2 
derived from in situ spectroscopic data.  
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Figure 3.6. Adsorption pH-edge measurements and surface complexation model fits for OFX 
adsorption to TiO2 when NaCl is used as a background electrolyte. (a) Effects of pH and 
OFX concentration on adsorption to 0.5 g/L TiO2 at a fixed ionic strength (I = 0.01 M). (b) 
Effects of pH and ionic strength on the adsorption of 100 M OFX to 0.5 g/L TiO2.  
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Figure 3.7. Adsorption pH-edge measurements and surface complexation model fits for OFX 
adsorption to TiO2 when NaClO4 is used as a background electrolyte. (a) Effects of pH and 
OFX concentration on adsorption to 0.5 g/L TiO2 at a fixed ionic strength (I = 0.01 M). (b) 
Effects of pH and ionic strength on the adsorption of 100 μM OFX to 0.5 g/L TiO2. (c) 
Measurements and model fits showing the distribution of adsorbed OFX species (100 M 
OFX, 0.5 g/L TiO2, I = 0.01 M). 
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Figure 3.8. Structure of OFX-anatase surface complex in the absence (top) and presence 
(bottom) of ion-pairing with perchlorate anion at Stern plane. 
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Figure 3.9. Correlation between rates for visible light-TiO2 photocatalysis of OFX (symbols; 
right axis) and model-predictions of OFX adsorption and surface speciation for ion-paired 
(IP) and non-ion-paired (non-IP) species (lines, left axis). Conditions: 100 μM OFX, 0.5 g/L 
TiO2, 0.01 M NaClO4, irradiation with visible light (λ > 400 nm, 450 W Xe lamp). 
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Figure 3.10. TiO2 surface titration data and surface complexation model fits. Model 
parameters summarized in Table 3.1.
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Table 3.1. TiO2 surface charging and electrolyte binding parameters of surface complexation model 
Property Value Source 
specific surface area 290 m2/g N2 B.E.T analysis[12] 
Stern layer capacitance 0.65 F/m2 surface titration fitting 
≡TiOH 5.2 sites/nm2 crystal structure 
≡Ti2O 5.2 sites/nm2 crystal structure 
logKH 5.6 intersection of titration curves 
logKClO4 -1.71 surface titration fitting 
logKCl -1 literature[41] 
logKNa -1.31 surface titration fitting 
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Table 3.2.  Aqueous and surface complexation reactions of OFX and CD model parameters 
No. OFX reactions     
 Aqueous logKa     
1 H2-OFX+  H-OFX+/- + H+ -5.9    
2 H-OFX+/-  OFX- + H+ -8.3    
 Surface complexation logK CDb Δz0 Δzs
3 
OFX- + 4H+ + 3 ≡TiOH-0.5  
 ≡Ti3OH2(H-OFX)+1.5 + 2 H2O 16.9  0.06
c -1-(0.25  0.0007) 1.75 1.25 
4 
OFX- + 4H+ + 3 ≡TiOH-0.5 + ClO4-   
[≡Ti3OH2(H-OFX)+1.5...ClO4-] + 2H2O 17.4  1.4 -1-(0.25) 1.75 0.25 
a The intrinsic logKa values, corrected to zero ionic strength, were determined from conditional pKa values reported in the literature[25]. 
b Values in parentheses represent hydrogen bonding contributions from the carbonyl group, part (b) of CD value. 
c Uncertainty represents one standard deviation.
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CHAPTER 4  
CD MODELING OF FLUOROQUINOLONE ADSORPTION TO 
GOETHITE AND BOEHMITE SURFACES: INFLUENCE OF 
FLUOROQUINOLONE STRUCTURE AND ADSORBENT MINERALOGY 
4.1 Abstract 
Adsorption of fluoroquinolones (FQ) to mineral oxide surfaces has important implications 
for their transport in the environment and surface-mediated transformation processes.  In this 
investigation, we characterize the surface complexation of zwitterionic and non-zwitterionic 
fluoroquinolones to two metal oxides that are representative of common soil minerals, goethite 
(α-FeOOH) and boehmite (γ-AlOOH), over a wide range of pH (3-11), ionic strength (1 - 100 mM), 
and FQ concentration (20-500 μM) conditions.  In situ Fourier Transform infrared (FTIR) spectra 
of the adsorbed FQ species suggest that the molecules adsorb to goethite surfaces primarily 
through carboxylate oxygen atoms in a bidentate fashion, whereas bidentate adsorption to 
boehmite involves one carboxylate oxygen and an adjacent carbonyl oxygen.  Additionally, 
spectra of piperazine ring-containing FQs adsorbed to goethite suggest that a protonated FQ 
species is also present under low pH conditions.  A charge distribution (CD) surface complexation 
model (SCM) based on the modes of adsorption suggested in FTIR spectra is developed to account 
for FQ adsorption to the two metal oxide surfaces.  CD SCM reaction stoichiometries constrained 
by spectroscopic observations yield accurate predictions of FQ-metal oxide macroscopic 
adsorption data over the entire range of pH, ionic strength, and concentrations probed in this study.  
Model fits also suggest that the primary mode of FQ-goethite adsorption is identical to that 
observed for the case of FQ-anatase adsorption (Chapter 3). 
4.2 Introduction 
Adsorption of fluoroquinolone (FQ) antibacterial agents (Figure 4.1) to charged mineral 
surfaces influences their transport in soils and also their subsequent degradation.  Previous studies 
have shown FQs are strongly retained in the soils, in some cases persisting for several years after 
initial application through sewage sludge[1].  The adsorption process is also an important 
precondition to surface-mediated transformation processes, e.g., oxidation by Fe and Mn oxides 
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and TiO2 photocatalysis[2-4].  Some of the products formed on FQ transformation during these 
processes have been shown to have significantly decreased antibacterial potency relative to the 
parent FQs[5, 6].  Additionally, FQ adsorption can influence the bioavailability of the compounds, 
controlling their rate of biodegradation in the environment[1]. 
Previous studies of zwitterionic FQ adsorption have implicated either the deprotonated 
carboxylate group or the protonated amine group as the binding site for adsorption to various metal 
oxide surfaces[2-4, 7].  The carbonyl group adjacent to the carboxylate group in the quinoline ring 
has also been suggested to play a supporting role in FQ binding to some surfaces[7].  
Investigations of FQ complexation to specific divalent[8, 9] and trivalent[10, 11] metals in aqueous 
solutions support the involvement of both of carboxylate and carbonyl groups in metal 
complexation.  Non-specific electrostatic binding through the protonated amine group dominates 
for minerals with high permanent negative charged (e.g., aluminosilicate clays)[12]. 
The current contribution is part of a broader effort to investigate the application of 
spectroscopically constrained charge distribution (CD) surface complexation models (SCM) for 
predicting adsorption of zwitterionic FQ antibacterial agents to charged metal oxide surfaces.  
The objective of these studies is to challenge the SCMs and spectroscopic methods to provide 
consistent data and predictions of the dominant modes of adsorption that give rise to the 
macroscopic FQ adsorption trends over a wide range of solution conditions.  In Chapter 3, 
examination of FQ adsorption to anatase (TiO2) surfaces resulted in a spectroscopically consistent 
CD SCM involving inner-sphere, bidentate complexation of deprotonated carboxylate group to 
Ti(IV) surface sites supported by hydrogen bonding of neighboring carbonyl group to an adjacent 
protonated surface hydroxyl group.  We also found that the adsorption of zwitterionic FQs to 
positively charged surfaces can be enhanced through ion pairing of protonated amine groups with 
electrolyte anions such as perchlorate. 
In this study, we extend the approach and modeling concept from Chapter 3, investigating 
the influence of FQ ligand structure and adsorbent mineralogy on FQ adsorption to charged 
mineral surfaces.  We characterize the adsorption of FQs and related molecules to two metal 
oxides, goethite (α-FeOOH) and boehmite (γ-AlOOH), representative of abundant soil minerals.  
First, the macroscopic adsorption trends of FQs to the metal oxide surfaces are established through 
pH edge experiments.  Then, observations from macroscopic adsorption studies are supplemented 
with FTIR spectroscopy to identify probable modes of fluoroquinolone surface complexation.  
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Finally, using empirical observations and knowledge of mineral surface chemistry, CD SCMs are 
developed to simultaneously fit all bulk adsorption data for each FQ-mineral pair with the 
spectroscopic data serving as a constraint.   
4.3 Materials and Methods 
4.3.1 Materials 
4.3.1.1 Chemicals 
All reagents were used as received from the manufacturers without further purification.  
Ofloxacin (>99%), flumequine (>98%), NaClO4 (98%), NaOH (1.0 N reference standard), HNO3 
(1.018 N reference standard), sodium 1-heptane sulfonate (SigmaUltra), and concentrated H3PO4 
acid were purchased from Sigma Aldrich.  Concentrated HCl and concentrated HClO4 were 
obtained from Fisher Scientific.  All solutions were prepared in deionized water (Nanopure 
system; > 18 MΩ.cm resistivity).  Ofloxacin methyl ester was synthesized by J. Liu using a 
procedure described in Supporting Information (Section 4.7.1) and purity was confirmed by 1H 
NMR. 
4.3.1.2 Minerals 
A goethite slurry (~ 200 g/L) was received from M. Machesky (Illinois State Water Survey, 
Champaign, IL).  Details of mineral preparation have been reported elsewhere[13].  The goethite 
crystal structure was verified by X-ray Diffraction analysis (XRD, data presented in SI, Figure 
4.10).  Goethite stock solution (~20 g/L) for use in adsorption experiments was prepared from 
dilution of the goethite slurry and mineral loading was verified by gravimetric analysis.  Specific 
surface area was determined to be 64 m2/g by 9-point N2 Brunauer-Emmett-Teller (BET) analysis 
(Micromeritics, ASAP 2010) after freeze-drying and light grinding.  Transmission Electron 
Micrographs (TEM, Figure 4.2a) show that the goethite crystals are needle-shaped, 30-100 nm 
long and 8-15 nm wide (estimated based on crystals visible in TEM images). 
Boehmite (14N4-80) was provided by Sasol Germany GmBH, Hamburg, Germany.  
Reported surface area of this mineral was 85.6 m2/g[14].  Suspension stock solutions (20 g/L) were 
prepared with base (NaOH) added to maintain pH of suspension at approximately pH 5 to prevent 
acid-promoted dissolution during storage.  The added base is taken into account during surface 
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charge calculations.  The mineral was allowed to hydrate for one day before use in 
titration/adsorption experiments.  TEM (Figure 4.2b) show the boehmite crystals to be hexagonal 
flat platelets about 25-60 nm across planar surface and 10 nm thick (estimated based on crystals 
visible in TEM images). 
4.3.2 FQ Adsorption to Goethite and Boehmite Suspensions 
Adsorption of FQs to goethite surfaces was conducted in two hundred mL batch 
suspensions.  Each ionic strength-adjusted (NaClO4) mineral suspension was pre-sparged 
overnight with hydrated CO2-free N2(g) at ~ pH 4 to exclude dissolved carbonate species and also 
sparged for the duration of the adsorption experiments.  The pH of the suspensions was then 
adjusted to 11 just prior to conducting adsorption experiments.  The FQ was then added and the 
first sample (pH 11) was collected after mixing for 5 min.  Subsequent samples were collected 
after acid addition and pH equilibration at approximately 0.5 pH intervals, ending at pH 3.  Each 
pH-equilibrated sample aliquot was sealed in a zero-head space centrifuge tube.  The time to 
reach a stable pH reading after each acid addition varied between 30 s - 2 min, longer times being 
necessary at circumneutral pH conditions.  All pH-adjusted sample aliquots were centrifuged at 
the end of the experiment (13,200 rpm) and the supernatants were collected for high performance 
liquid chromatography-photodiode array (HPLC-PDA) analysis of FQ concentration.  The total 
experiment time for each pH edge experiment was approximately 1 h.  Initial kinetic experiments 
conducted with FQ-goethite batch suspensions at pH 7 indicated that adsorption remained 
reversible within the first hour (> 98 % and > 96% recovery at pH 11 for ofloxacin and flumequine, 
respectively).  Adsorbed FQ concentration was calculated by subtracting supernatant FQ 
concentrations from total FQ concentrations under desorption conditions (pH 11).  Under the pH 
and ligand/goethite conditions utilized in this study, we expect negligible dissolution of the 
goethite[15], although measurements of aqueous iron concentrations were not undertaken.  
Macroscopic FQ-boehmite adsorption experiments were conducted in a similar manner to those 
with goethite, the only difference being a more limited pre-sparging time (2 h) to limit dissolution 
of the mineral at pH 4 conditions.  Kinetic experiments of ofloxacin adsorption to boehmite at 
near-neutral pH indicated that some ofloxacin could not be recovered upon desorption at pH 11 
(~10%) after 1h equilibration time, however, no further decrease in ofloxacin recovery occurred at 
longer equilibration times. The un-recovered ofloxacin may be poorly desorbed at pH 11 or it may 
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be lost to alternate sinks in the system, such as aqueous chelation by Al(III) ions. 
FQ analysis was conducted using a modified version of the HPLC-PDA method described 
in Chapters 2-3[5, 16].  In this study, flow rate of the mobile phases was decreased to 1 mL/min 
from 1.5 mL/min and the organic phase was adjusted to an increasing gradient (20% for first 4 min, 
70% from 4 - 7.5 min, 20% from 7.5 - 8.5 min).  All other conditions remained the same. 
4.3.3 FTIR Spectroscopy 
Attenuated total reflectance - Fourier Transform infrared (ATR-FTIR) spectra were 
collected using a Thermo-Nicolet Instrument and HATR accessory previously described in 
Chapter 3[16].  Raw aqueous spectra of pH-adjusted 5 mM ofloxacin (10 mM I) were collected 
using a ZnSe crystal.  Each spectrum represents an average of 100 scans at a resolution of 4 cm -1.  
Similar spectra collected on an AMTIR crystal during a previous study[16] showed identical 
ofloxacin features.  Raw spectra of adsorbed ofloxacin were collected by equilibrating 
pH-adjusted, 400 μM ofloxacin (10 mM IS) solutions with thin films of the oxides deposited on 
HATR crystals (goethite on AMTIR, boehmite on ZnSe, refer to Chapter 3 for procedure).  
Spectra of the background electrolyte were also collected under the same pH and I conditions both 
with and without oxide film present.  Final spectra (reported) were obtained by subtracting 
background electrolyte contributions from the raw spectra of ofloxacin.  Aqueous spectra 
collected using 400 μM ofloxacin under the same conditions as adsorbed spectra indicated 
negligible contribution from the aqueous species, so observed spectral features are attributed 
solely to FQ adsorbed to oxides in the deposited films. 
4.4 Results and Discussion 
4.4.1 Adsorption Experiments 
4.4.1.1 Effect of Fluoroquinolone Structure 
Adsorption of ofloxacin and esterified ofloxacin was tested in goethite mineral suspensions.  
Under similar adsorbate to solid loading ratios, ofloxacin shows strong adsorption to goethite 
while adsorption of the esterified ofloxacin compound is negligible.  These data suggest that the 
carboxylic acid group is central to the surface complexation of fluoroquinolones on goethite.  The 
current results corroborate evidence from fluoroquinolone-anatase adsorption and visible light 
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photocatalysis studies[4] in which FQ molecules adsorbed to anatase surfaces, whereas structural 
analogues lacking the carboxylic acid group did not adsorb to any measurable degree. 
4.4.1.2 Flumequine and Ofloxacin Adsorption to Goethite 
Figure 4.3 plots the trends in the adsorption of flumequine, a FQ lacking the piperazine 
moiety, on goethite under different ionic strength conditions.  All three adsorption edges are 
negatively-sloped with a decrease in adsorption at pH values below the pKa (6.35) of flumequine.  
While ionic strength is varied by two orders of magnitude between the three plots, adsorption of 
flumequine is essentially unaffected by these changes, maintaining a relatively constant degree of 
adsorption under similar solution pH values. 
The shape of flumequine adsorption edges is characteristic of anionic adsorbates on 
amphoteric metal oxides.  From the electrostatic perspective, flumequine anion adsorption is 
driven by conditions that favor a positive surface charge on goethite, that is, as pH drops below the 
pHzpc of the metal oxide (8.9 for goethite, refer to Figure 4.11 and Table 4.1 for surface charge 
data).  Adsorption peaks approximately at the pKa and then decreases as aqueous species 
predominance shifts to the neutral form of the flumequine molecule.  Similar adsorption edge 
trends are exhibited by benzoic acid on goethite[17], suggesting that the carboxylic acid group on 
flumequine is the dominant surface-complexing moiety in the FQ structure.  However, the extent 
of adsorption of flumequine on goethite is considerably higher than that observed under similar 
ligand to mineral surface ratios of benzoic acid on goethite[17].  This observation suggests that 
carboxylic acid group on flumequine is able to direct more charge into surface complex formation 
than benzoic acid, possibly due to the presence of electron donor groups such as the nitrogen atom 
on the quinoline ring.  Alternatively, it may suggest that additional functional groups, such as the 
neighboring carbonyl oxygen atom, assist in flumequine adsorption to the goethite surface. 
Figure 4.4 (a,b) shows the effect of ofloxacin adsorption to goethite as a function of pH, 
ionic strength, and ofloxacin concentration.  The ofloxacin molecule has two protolyzable groups 
that can influence its interaction with charged surfaces, the carboxylic acid group (pKa1 = 5.9) and 
the piperazine aliphatic amine group (pKa2 = 8.3).  A more detailed discussion of zwitterionic FQ 
acid/base species is provided in Chapter 3[16]. Analogous to flumequine adsorption, ofloxacin 
adsorption edges are negatively sloped, however, adsorption tends to increase or remain relatively 
constant at pH < pKa1.  Juxtaposition of the two FQ adsorption trends suggests that the mode of 
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ofloxacin adsorption may be different from that of flumequine and/or there are additional adsorbed 
species that account for adsorption in the low pH region.  Ofloxacin adsorption edges are similar 
in shape to those of dihydroxybenzoic acids in which adjacent carboxylic acid and phenolic groups 
are proposed to participate in surface complexation, which also exhibit stable or increasing 
adsorption with decreasing pH[17].  These observations may indicate stabilization of carboxylate 
adsorption by the neighboring carbonyl group.  Also, unlike flumequine adsorption, ofloxacin 
adsorption increases with increasing ionic strength.  The ionic strength trend is closely linked to 
the zwitterionic nature of the surface-complexed ofloxacin molecule and is discussed in greater 
detail in section 4.4.3.  A similar increase in adsorption with increasing ionic strength was 
observed for ofloxacin adsorption to anatase surfaces (Chapter 3). 
A comparison of maximum surface coverage for flumequine and ofloxacin on goethite 
shows that both compounds reach comparable levels of maximum adsorption (0.22-0.25 μmol/m2), 
suggesting that both may occupy the same types of surface sites on the goethite surface. 
4.4.1.3 Trends in Ofloxacin Adsorption to Boehmite 
The influence of ionic strength and adsorbate loading on ofloxacin adsorption to boehmite 
are shown in Figure 4.4(c,d).  Similar to ofloxacin-goethite adsorption, ofloxacin adsorption to 
boehmite is characterized by negatively sloped adsorption edges and an increase in adsorption 
with increasing ionic strength.  In contrast to goethite data, however, ofloxacin adsorption peaks 
around pH = pKa1 and then decreases slightly at lower pH values.  Also, in contrast, ionic strength 
has a smaller effect on the extent of ofloxacin adsorption to boehmite than to goethite.  There is a 
considerable degree of scatter in the data for 500 μM ofloxacin, which may result from 
ligand-promoted dissolution of boehmite under these higher ligand concentration conditions, 
possibly giving rise to more defect sites for adsorption or giving rise to an Al-chelated aqueous or 
adsorbed sink for ofloxacin molecules.  The question of ligand-promoted dissolution of the 
mineral at these conditions requires further investigation. 
A comparison of ofloxacin maximum surface coverage on goethite and boehmite at 10 mM 
I conditions reveals that ofloxacin achieves approximately three times the extent of adsorption on 
goethite than boehmite.  Since the specific surface area of boehmite derived from N2(g) adsorption 
measurements is larger than that of goethite, these data indicate that the available surface area 
normalized adsorption site density is considerably lower for boehmite in comparison to goethite. 
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4.4.2 FTIR Spectroscopy 
4.4.2.1 Aqueous Ofloxacin 
Figure 4.5 shows the changes in IR spectra of aqueous ofloxacin as a function of solution 
pH.  The spectra of large polyfunctional compounds such as ofloxacin are complicated as bands 
include contributions from multiple moieties[7, 18].  The ofloxacin spectra reported here are 
consistent with spectral changes observed as a function of pH in previous reports[7, 16] and are 
therefore covered in brief here.   
The spectral features most sensitive to changes in solution pH are those of the carboxylic 
acid group.  At pH < pKa1, the protonated form of the carboxylic acid predominates in solution, 
giving rise to spectra features consistent with a νC=O,carboxyl stretch at 1710 cm-1[7].  Under the same 
conditions, coupled features consistent with C-O carboxylic acid stretch, νCOOH, and O-H 
deformation, δO-H, are also expected to be observed in the 1300 - 1260 cm-1 region[18], but could not 
be confidently assigned in the current spectra.  Upon deprotonation of the carboxylate group 
above pH > pKa1, carboxylate spectral features shift to 1580 cm-1 and 1340 cm-1, consistent with 
the asymmetric (νcoo,as) and symmetric (νcoo,s ) stretching modes of the carboxylate C-O bonds[7].   
Other pH dependent changes in the OFX spectra occur at features associated with the 
carbonyl group adjacent to the carboxylic acid and to features that co-occur with the deprotonated 
carboxylate group.  The νC=O,carbonyl mode assigned to the peak at 1618 cm-1 at pH > pKa1 shifts to 
a higher frequency, 1622 cm-1, upon protonation of the carboxylic acid group.  The peak location 
of the carbonyl C=O stretch in FQs has previously been shown to be influenced by solvation 
effects and changes in Fermi resonance related to changes in the bonding environment of this 
group[18].  A likely cause for the upshift in the carbonyl peak at pH < pKa1 is a decrease in Fermi 
resonance on intramolecular hydrogen bonding of the carbonyl oxygen with the proton associated 
with the neighboring carboxylic acid group[18].  IR spectra of ketone groups often consist of two 
closely located peaks (doublet) arising from the similar vibrational frequencies of C=O and 
overtone of a different mode (such as the H-C-H bending mode).  In the absence of Fermi 
resonance, the higher frequency peak is more intense than the lower peak in the doublet; whereas, 
in the presence of Fermi resonance between the two modes, the higher frequency peak shifts to 
even higher frequencies while decreasing in intensity, while the lower frequency peak gains in 
intensity.  While Fermi resonance does not give rise to additional peaks, a decrease in Fermi 
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resonance, can give the appearance of an upshift in the νC=O, carbonyl mode.  Alternatively, a similar 
upshift in the carbonyl stretch has previously been attributed to increased withdrawal of electron 
density from the quinoline ring by the protonated carboxylic acid group resulting in increased 
double bond character of the carbonyl group[19].  Additional pH dependent changes in the 
ofloxacin spectrum appear in the 1380-1420 cm-1 region.  A single broad peak in that region 
appears to correlate either with the presence of the deprotonated carboxylic acid or the presence of 
a more symmetrical O-C-O bond.  The single broad peak splits into two smaller peaks at 1398 
cm-1 and 1415 cm-1 as the carboxylic acid is protonated. 
4.4.2.2 Ofloxacin Adsorbed on Goethite 
FTIR spectra of ofloxacin solutions equilibrated over a goethite thin film under different 
solution conditions is shown in Figure 4.6a.  In general, the spectra of adsorbed ofloxacin are 
comparable to the spectra of aqueous ofloxacin at pH > pKa1, that is, all spectra contain strong 
features for νcoo,as and νcoo,s, indicative of a deprotonated carboxylic acid group.  No significant 
peak shifts are observed in the carboxylate peaks relative to aqueous spectra.  However, the 
carbonyl peak location parallels that of the same peak in the aqueous spectra of ofloxacin at pH < 
pKa1 that is slightly shifted to higher wavenumbers. 
The lack of shifts in carboxylate peak positions suggests that the two carboxylate oxygen 
atoms retain equivalent bonding environments, as they do in aqueous solutions at pH > pKa1, and 
that the O-C-O bond is not significantly distorted by complexation to the goethite surface.  These 
observations support the idea that both carboxylate oxygen atoms are involved in bonding with 
two separate surface sites, forming a bidentate, binuclear complex[18].  The similarity in the 
location of the carbonyl peak with aqueous spectra at pH < pKa1 suggests that the carbonyl group 
in adsorbed ofloxacin may also participate in bonding with the surface as this type of interaction 
would presumably result in a decrease in Fermi resonance leading to the apparent upshift in the 
carbonyl peak.  The spectral observations for ofloxacin adsorbed on goethite are very similar to 
those observed for ofloxacin adsorption to anatase, suggesting similar modes of adsorption in the 
two systems. 
The current observations are in general agreement with trends in ciprofloxacin adsorption 
to goethite observed by Trivedi et al.[18].  In their study, they also observed features for a 
deprotonated carboxylic acid group under all solution conditions; however, some of the features 
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were shifted or broadened on adsorption.  They also observed an upshift in the νc=o,carbonyl peak.  
On the basis of these changes relative to aqueous ciprofloxacin spectra, they concluded that 
ciprofloxacin forms bidentate chelates with single goethite surface sites through both carboxylate 
oxygens, along with potential contributions to complexation through the adjacent carbonyl group. 
While both current and previous studies point to the presence of fluoroquinolones with 
deprotonated carboxylate groups adsorbed to the goethite surface, in this study, we also found 
evidence for the presence of protonated carboxylic acids groups at pH < pKa1.  Since features 
related to the protonated carboxylic acid are less intense than those of the deprotonated acid, we 
scrutinized changes in the intensity of features related to deprotonated carboxylic acid, νcoo,as and 
νcoo,s, in comparison to pH insensitive peaks to evaluate changes in carboxylate speciation.  At pH 
< pKa1, we can observe a decrease in intensity of the νcoo,as peak relative to the νc=c peak at 1530 
cm-1, and also a splitting of peaks in the 1380-1420 cm-1 range, both of which are suggestive of a 
partial shift in speciation to the protonated carboxylic acid as evidenced in the aqueous ofloxacin 
spectra.  Evidence for the existence of a protonated carboxylic acid is also observed in spectra of 
ciprofloxacin adsorbed to goethite[18], signaled by the increase in the corresponding νCOOH + δC-OH 
mode at 1272 cm-1 at low pH conditions. 
In summary, we observe the presence of at least two different types of adsorbed ofloxacin 
species.  A species with a deprotonated carboxylate group is observed at all pH conditions.  This 
species is likely adsorbed to the surface through both carboxylate oxygen atoms with possible 
contribution from the carbonyl group.  An additional species with a protonated carboxylic acid 
group appears to increase in importance at pH < pKa1. 
4.4.2.3 Ofloxacin Adsorbed on Boehmite 
The spectra of ofloxacin on boehmite appear identical throughout the pH range evaluated, 
however, there are distinct differences in the adsorbed spectra relative to aqueous spectra.  The 
most prominent difference between aqueous and adsorbed spectra is that the νCOO,as peak is 
retained at pH < pKa1, although at a higher wavenumber (~10 cm-1) and lower intensity relative to 
the peak at 1485 cm-1 in spectra of aqueous ofloxacin containing a deprotonated carboxylate.  The 
intensity of the carbonyl peak is also suppressed and location is shifted to 1630 cm-1, while there is 
a relative increase in the intensity of the peak at 1530 cm-1.  Peaks in the 1380 - 1420 cm-1 region 
are more consistent with those from the protonated form of aqueous ofloxacin as they are split into 
 88 
two separate peaks.   
The constancy of spectral features of adsorbed ofloxacin suggests no changes in the mode 
of adsorption of boehmite-complexed ofloxacin under different pH conditions.  The retention of 
the νCOO,as peak under all pH conditions suggests that adsorbed ofloxacin molecules contain a 
deprotonated carboxylic acid group.  The decrease in the intensity of the νCOO,as peak and upshift 
by ~10 cm-1 suggests that the two carboxylate oxygens do not maintain equivalent bonding 
environments, implying that one of the carboxylate oxygens is more strongly complexed with the 
surface than the other.  The strong upshift in the carbonyl peak is likely related to changes in 
Fermi resonance due to complexation of this group with the boehmite surface.  The concomitant 
increase in the peak at 1530 cm-1 is assigned to a downshift in the frequency of the carbonyl and/or 
carboxylate group[7].  The splitting of the peaks in the 1380 - 1420 cm-1 region may also be related 
to a change in the symmetry of the O-C-O bond. 
In a previous study of ciprofloxacin adsorption to hydrous aluminum oxides, a similar 
appearance of a peak at higher wavenumbers relative to the aqueous carbonyl peak was observed 
at around 1640 cm-1, which the authors assigned to an upshift in the COOas stretch[20].  The 
significant increase in the peak at 1530 cm-1 is analogous to a similar proposed downshift in the 
C=Ocarbonyl and/or C=Ocarboxyl peak observed by Goyne et al.[7] as a result of ofloxacin adsorption to 
alumina.  In the latter study, the authors also observed decreases in the intensities of the COOas 
and C=Ocarbonyl stretches relative to the peak at 1530 cm-1, consistent with the current spectra. 
In concurrence with the conclusions reached by Goyne et al.[7] for ofloxacin on alumina, 
we attribute the spectral changes to bidentate adsorption of ofloxacin to boehmite surface sites 
through inner-sphere ligand exchange at the carbonyl oxygen and one carboxylate oxygen atom.  
This conclusion is also in keeping with spectra reported by Gu et al.[20] showing that FQ adsorption 
to aluminum oxides mirrors spectra of aqueous FQ-aluminum complexes, suggesting identical 
modes of adsorption.  Previous studies of FQ-aluminum complexation have reported bidentate 
complexes in various ligand-to-metal complex ratios formed through the interaction of FQ 
carbonyl and carboxylate groups[10].  In the bidentate FQ complexes with metals, FQs are 
proposed to coordinate with the metals through an alternate resonance structure in which electron 
charge from either the FQ piperazine aromatic amine or quinoline nitrogen is transferred onto the 
carbonyl oxygen, directing negative charge onto the carbonyl oxygen (refer to Figure 4.7b). 
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4.4.3 CD Model 
In order to model the surface complexation of FQs to the two metal oxide surfaces, we first 
characterized the surface charging properties of goethite and boehmite by conducting a series of 
suspension titrations at varying ionic strengths.  The aqueous-mineral interface was characterized 
by a basic Stern layer approach in which the Stern layer is bound by the 0- (surface) and Stern 
(head of diffuse layer) planes.  In the absence of specifically adsorbed species, charge develops at 
the 0-plane as a result of protonation reactions with surface sites.  We used a simplified 1-pKa 
model, which assumes that all protolyzable surface sites have identical protonation constants, to 
characterize surface protonation reactions for both metal oxides.  Stern layer capacitance and 
electrolyte binding constants (for Na+ and ClO4-) were variable parameters in the model. The 
protonation constants of the two oxides were fixed at the point of intersection of the surface 
titration curves (log KH = pHzpc), consistent with the 1-pKa assumption.  The optimized surface 
parameters were then used as constants in the CD SCM for FQ adsorption to the metal oxides.  
The charge distribution (CD) formalism developed by Hiemstra et al.[21] was used to model surface 
complexation of FQs due to its ability to account for the interactions of both the positively and 
negatively charged functional groups on the zwitterionic FQ molecules with the charged surfaces.  
Model simulations and parameter optimization was conducted with a custom routine programmed 
in MathematicaTM.  Model fits for surface titration data are presented in the Supporting 
information section and optimized values are reported in Table 4.1.  Model fits for macroscopic 
adsorption data are plotted in Figure 4.4 and optimized values for surface complexation reactions 
are reported in Table 4.2. 
4.4.3.1 Goethite 
The dominant face (110) of the needle-shaped goethite crystals contains equal 
concentrations of two different types of protolyzable sites within the pH range considered in this 
study: singly coordinated sites (≡FeOH-0.5) and triply coordinated sites (≡Fe3O-0.5)[22].  Following 
the 1-pKa simplification by Filius et al.[23], both of these sites are assumed to exhibit identical 
protonation constants. However, only the singly coordinated sites are assumed to participate in 
ligand exchange reactions through the loss of a water molecule.  In the current model, we assume 
that the (110) face accounts for the adsorption and surface charging properties of goethite, 
therefore, we apply site densities of 3 sites/nm2 to potential ligand exchange sites (Ns1, ≡FeOH-0.5) 
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and 3 sites/nm2 to other protolyzable sites (Ns2, ≡Fe3O-0.5) sites based on crystal structure of the 
goethite (110) face[24], where Ns1 + Ns2 = 6 sites/nm2 constitutes all protolyzable sites on the 
goethite surface.   
Optimal CD model fits to flumequine adsorption data were obtained by assuming the 
formation of a single complex according to the following reaction stoichiometry: 
 FLU- + 2H+ + 2[≡FeOH-0.5]  [≡Fe2-FLU]0 + 2H2O  (4.1) 
The charge distribution across the ligand molecule and change in charge at 0- and Stern 
planes are reported in Table 4.2.  The fit-derived CD value indicates the optimized value of ligand 
charge placed at the 0-plane of the metal oxide surface.  The optimized CD value of -1.01 valence 
units (v.u.) for the flumequine-goethite complex indicates that charge from both of the 
deprotonated carboxylate oxygen atoms (each -0.5 v.u.) is placed at the 0-plane of the goethite 
surface, forming a bidentate, inner-sphere complex.  The protons included in the above reaction 
serve to protonate surface sites; resultant water molecules are then exchanged for the carboxylate 
oxygens at these sites.  The reaction stoichiometry also indicates the formation of a binuclear 
complex as two surface sites are utilized in complex formation.  The binuclear stoichiometry is 
not unique, however, as equivalent fits can be obtained using a bidentate mononuclear complex.  
We elected to represent the adsorbed complex as binuclear since FTIR spectra of FQs on goethite 
suggest no distortion to the carboxylate O-C-O bond as a result of adsorption. 
From the model's standpoint, the relatively minor changes in flumequine adsorption with 
varying ionic strength results from the attribution of all of the negative charge on the molecule to 
the 0-plane.  The ionic strength of the system affects the potential at the Stern plane since it is the 
plane of closest approach that outer spherically adsorbed ions can achieve with reference to the 
metal oxide surface.  Since little of the flumequine molecular charge is placed at the Stern plane, 
the change in ionic strength does not significantly affect its electrostatic interaction with the 
goethite surface. 
In contrast with flumequine adsorption, the optimal model for OFX adsorption to goethite 
includes four surface complexed species formed through the following reactions: 
 OFX- + 3H+ + [≡FeOH-0.5][≡FeOH2…H2OFX]+1.5  (4.2) 
 OFX- + 4H+ + 3[≡FeOH-0.5][≡Fe2(OH2)-OFX]+1.5 + 2H2O  (4.3) 
 OFX- + 3H+ + 3[≡FeOH-0.5][≡Fe2(OH2)-OFX]+0.5 + 2H2O  (4.4) 
 OFX-+ 4H+ + 3[≡FeOH-0.5] + ClO4-  [≡ Fe2(OH2)-OFX+1.5...ClO4-] + 2H2O  (4.5) 
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Figure 4.8 shows an example of the pH distribution of the above adsorbed ofloxacin-goethite 
surface complexes for one of the 5 data sets (100 M OFX, 10 mM I). 
The first of these adsorbed complexes (eq. (4.2)) yields a CD value = -0.23 (v.u.), 
suggesting the formation of a hydrogen bonded complex between a protonated OFX molecule and 
a protonated surface site.  A plausible location for hydrogen bonding on the ligand molecule is the 
carbonyl oxygen, which can carry a negative charge as a result of intramolecular electron transfer 
from either the aromatic piperazine nitrogen or the quinoline ring nitrogen.  The negatively 
charged oxygen can then partially share its charge with a positively charged surface site, 
decreasing the positive charge at the 0-plane.  The magnitude of charge transferred to the 0-plane 
is in agreement with previous assignments of charge transfer during hydrogen bonding of C-O 
bonds with protons on the goethite surface[25].  Not surprisingly, this hydrogen bonded species 
becomes important in accounting for OFX adsorption under low pH conditions that favor 
protonation of the OFX molecule (pH < pKa1) and protonation of the goethite surface (pH < pHzpc). 
The second two adsorbed complexes (eq. (4.3)−(4.4)), each with a CD value of -1.23 v.u. 
result from inner-sphere complexation reactions of protonated surface sites with a zwitterionic 
OFX molecule and an anionic OFX molecule, respectively.  A representation of the zwitterionic 
form of the complex is shown in Figure 4.7a.  Collectively, these two species account for OFX 
adsorption at mid- to high pH range.  Based on FTIR data, we hypothesis the involvement of both 
carboxylate oxygen atoms in the formation of these inner-sphere complexes, altogether 
contributing -1 v.u. charge to the 0-plane.  The residual -0.23 v.u. charge contribution to the CD 
value is theorized to arise from the hydrogen bonding interaction of the neighboring carbonyl 
group with adjacent protonated surface sites.  The rationale for the tendency of the carbonyl group 
to hydrogen bond with positively charge surface sites have already been discussed with reference 
to the formation of the purely hydrogen bonded surface species. Consistent with FTIR 
observations for ofloxacin adsorption to goethite and anatase, the major adsorbing complexes in 
both systems appear to have similar tridentate structures involving inner-sphere bonding through 
carboxylate oxygens and hydrogen bonding of the carbonyl group to adjacent surface hydroxyl 
group. 
The fourth surface complex (eq. (4.5)) is structurally identical to the tridentate complex 
formed in eq. (4.3) with the addition of ion pairing with perchlorate at the positively charged amine 
at the Stern plane.  The ion paired species is theorized to exist in this system based on our previous 
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study of FQ adsorption to anatase surfaces in which ion pairing with the perchlorate anion 
enhanced FQ adsorption relative to adsorption in the presence of chloride as the background 
electrolyte[16].  In contrast with the ofloxacin-anatase system, however, the predicted distribution 
of the adsorbed species in the ofloxacin-goethite system (Figure 4.8) suggests that adsorption of 
the ion-paired species is greatly favored over adsorption of the un-ion-paired species in this 
system.    
The SCM suggests that the increase in adsorption with increasing ionic strength results 
mainly from the placement of positive ligand charge of the zwitterionic and anionic adsorbed 
species (eq (4.3)−(4.4)) at the Stern plane.  To a great extent, the goethite surface is positively 
charged (pHzpc = 8.9) within the pH range that ofloxacin adsorption is observed.  These conditions 
favor repulsive interactions between the positively charged surface and the positive ligand charge 
located at the Stern plane.  With an increase in ionic strength, the positive ligand charge at the 
Stern plane is increasingly shielded from the surface charge, resulting in a decrease in repulsion 
and leading to increased ofloxacin adsorption.  OFX adsorption under higher ionic strength 
conditions is also enhanced by increased perchlorate ion pairing which partially neutralizes the 
positive charge on the molecule at the Stern plane, resulting in a decrease in repulsion from the 
positively charged surface at pH < pHzpc. 
Differences in mode of adsorption between flumequine and ofloxacin may be rationalized 
on the basis of their relative structures.  Both flumequine and ofloxacin molecules contain a 
quinoline ring nitrogen with a lone pair of electrons that can contribute to keto-enol 
tautomerization of the carbonyl oxygen atom[10].  In addition to the quinoline nitrogen atom, 
ofloxacin contains an aromatic nitrogen atom on the piperazine ring, which can also donate 
electron charge through intramolecular transfer to the carbonyl oxygen atom[9].  As a result, the 
carbonyl oxygen in ofloxacin is equilibrium with two alternate resonance structures that favor 
hydrogen-bonded interactions with protonated surface sites. 
4.4.3.2 Boehmite 
In perfectly crystallized boehmite platelets, surface charge is expected to be dominated by 
acid/base reactions of singly coordinated surface groups (≡AlOH-0.5) on the edge faces (101 and 
equivalent) of the crystals[22].  Based on this surface chemistry, the singly coordinated sites on the 
edge faces have a site density of 6.8 sites/nm2.  However, we are not able to directly assign the 
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overall site density for boehmite based on crystal structure because the relative surface area of the 
edge faces cannot be readily estimated for the boehmite samples used here.  The relative 
dimensions of a boehmite crystal can vary greatly depending on the preparation protocol[26].  
Therefore, site density was used as an additional fitting parameter in our 1-pKa model to fit 
boehmite surface titrations.  Surface titration fits predicted a surface site density of 1.3 μmol/m2 
(approximately 0.78 sites/nm2).  If all protolyzable sites are assigned to the edge faces, the site 
density translates to the edge faces constituting approximately 10% of the boehmite surface area.  
The optimized site density is comparable to the 2.8 μmol/m2 (1.7 sites/nm2) previously determined 
for boehmite by Nordin et al.[27], but smaller than that estimated by Wood et al.[28] based on crystal 
structure (9 sites/nm2).  The optimized site density from the surface titrations was then used as a 
fixed parameter in the CD model for OFX adsorption to boehmite such that Ns1 + Ns2 = 1.3 
μmol/m2, where Ns1 = protolyzable, ligand exchange sites and Ns2 = protolyzable sites that do not 
participate in ligand exchange. 
In initial fitting of OFX-boehmite pH edge data, we considered all protolyzable sites to also 
be potential ligand binding sites, that is, we considered all protolyzable charge to arise from singly 
coordinated surface groups (≡AlOH-0.5) that contain exchangeable oxygens.  However, this 
assumption resulted in exaggerated differences in adsorption at different ligand concentrations and 
ionic strengths.  The relative closeness of the pH edges for the different conditions suggested that 
there were fewer ligand exchange sites than protolyzable sites on the boehmite surface.  
Decreasing the site density of ligand binding sites to 0.24 μmol/m2 provided a better prediction in 
the overall adsorption trends.  The limited number of adsorption sites in relation to protolyzable 
site density may suggest that ofloxacin mainly adsorbs to defect sites on boehmite; alternatively, 
these same results could indicate that there is a significant contribution of defect sites to surface 
charging.  Past work reinforces the problematic nature of estimating boehmite site density from 
crystallography.  Even when dimensions of a boehmite specimen are well characterized, 
attributing charge to the edge faces alone can result in unrealistically high surface area normalized 
charge.  These observations suggest that defect sites on the planar faces also participate in proton 
and/or ligand exchange[22].  Additionally, dissolution and ligand-promoted dissolution processes 
characteristic of aluminum (oxy)hydroxide minerals[29, 30] may further complicate accurate 
estimation of boehmite site densities. 
The optimal CD model for OFX adsorption to boehmite includes the formation of the 
 94 
following species: 
 OFX- + 3H+ + 2[≡AlOH-0.5][≡Al2-OFX]+1 + 2H2O  (4.6) 
 OFX- + 2H+ + 2[≡AlOH-0.5][≡Al2-OFX]0 + 2H2O  (4.7) 
 OFX-+3H++2[≡AlOH-0.5]+ClO4-[≡Al2-OFX+1...ClO4-] +2H2O  (4.8) 
The surface species represented by the first two reactions ((4.6), (4.7)) involve 
inner-sphere complexation of zwitterionic and anionic OFX species, respectively, at the boehmite 
surface with a CD value fixed at -1.5 v.u.  The CD value can be rationalized on the basis of a 
bidentate mode of adsorption previously reported for aqueous Al(III)-OFX complexation[10].  
Inner-sphere binding at the boehmite surface is thought to occur through exchange of oxygen 
atoms from the carbonyl and carboxylate functional groups with surface bound water molecules at 
the 0-plane.  In this configuration, -0.5 v.u. is placed at the 0-plane from one carboxylate oxygen, 
while the additional -1 v.u. charge resides at the carbonyl oxygen as a result of keto-enol 
tautomerization arising from electron charge donation from either piperazine aromatic amine 
nitrogen or quinoline ring nitrogen.  This mode of adsorption is consistent with our interpretation 
of the current FTIR spectra for ofloxacin adsorbed on boehmite surfaces.  A representation of the 
zwitterionic inner-sphere complex is shown in Figure 4.7b.  Similar to the OFX-goethite system, 
the third species (8) represents a perchlorate ion-paired complex that is otherwise structurally 
identical to the zwitterionic adsorbed species. 
While the model predictions are generally in agreement with experimental pH-edge data, 
the CD model under-predicts adsorption under the highest OFX loading condition (500 μM).  The 
apparent adsorption of OFX above model predictions under more concentrated ligand conditions 
may result from 1) an increase in adsorption sites resulting from enhanced ligand-promoted 
dissolution of the mineral, possibly giving rise to more surface defects, and 2) subsequent 
re-adsorption of Al(III)-chelated OFX molecules to the boehmite surface.  The current model 
does not consider the possibility of these types of adsorbed ternary complexes.  
4.5 Conclusions 
In this study, we investigated the adsorption and surface complexation of FQ antibacterial 
agents to goethite and boehmite surfaces through surface specific spectroscopy and mathematical 
surface complexation modeling.  Our findings reveal that spectroscopic observations of FQ 
surface bonding modes can facilitate surface complexation modeling of FQ adsorption by 
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providing a mechanistic basis to formulate surface complex structures.  The CD SCM 
formulation accommodates the electrostatic influences of the oppositely charged groups on 
zwitterionic FQ molecules to accurately predict macroscopic adsorption.  The CD SCM models 
developed in this study successfully fit FQ adsorption over a wide range of solution conditions 
with a limited set of fitting parameters constrained by spectroscopy and knowledge of the surface 
charging properties of the two minerals. 
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4.7 Supporting Information 
4.7.1 Synthesis of Ofloxacin Methyl ester 
In a 25-mL flask, ofloxacin (362 mg, 1 mmol) was mixed with 12 mL of anhydrous 
methanol under a nitrogen atmosphere.  Acetyl chloride (471 mg, 6 mmol) was slowly added into 
the ofloxacin-methanol suspension under vigorous stirring at 0oC. The suspension was then stirred 
at room temperature for 3 h and refluxed for 2 h. The resulting yellow solution was cooled to room 
temperature and poured over 30mL methylene chloride. The mixture was washed with 10 mL of 
saturated NaHCO3 (2 times) and 10 mL of 1:1 mixture of saturated NaHCO3 and NaCl brine (2 
times). The organic phase was dried over anhydrous Na2SO4 and the solvent was removed under 
vacuum. The product was crystallized with methanol to obtain 154mg (41%, the crystallization 
yield was not optimized) as a white powder.  1H NMR (500 MHz, CDCl3) δ 8.34 (s, 1H), 7.71 (d, 
 96 
3J H-F = 12.6 Hz, 1H), 4.40 – 4.31 (m, 3H), 3.92 (s, 3H), 3.38 – 3.31 (m, 4H), 2.54 (br, 4H), 2.36 (s, 
3H), 1.57 (d, J = 6.6 Hz, 3H), see Figure 4.9. 
4.7.2 Characterization of Goethite and Boehmite (Adsorbate) Surfaces 
Potentiometric acid-base titrations of goethite and boehmite suspensions were performed 
with essentially the same method described in Chapter 3 with reference to anatase surfaces.  
Briefly, 200 mL of 5 g/L goethite/boehmite suspensions were titrated at three different ionic 
strengths (I), 0.001, 0.01, and 0.1 mM (NaClO4).  A known volume of standard HNO3 (1.018 N) 
was initially added to adjust suspensions to acidic conditions (~ pH 4).  The suspensions where 
sparged with N2 gas overnight prior to the titrations and also throughout the course of the titrations 
to exclude dissolved carbonate species.  Titration was then performed up to pH 10 by adding 1 M 
NaOH in 10 μL increments and recording equilibrium pH (typically obtained within 2 minutes).  
The results of the surface titrations and corresponding model fits for the two metal oxides are 
shown in Figure 4.11 and Figure 4.12 below. 
4.7.2.1 Goethite  
The purity of the goethite mineral phase was confirmed through X-ray diffraction (XRD) 
analysis.  The results of XRD analysis are shown in comparison to a reference spectrum of 
goethite in Figure 4.10.  Comparison reveals that the mineral consists of pure goethite with no 
perceptible impurities. 
The 1-pKa surface charge model for goethite can be represented by the following reaction: 
 ≡FeOH-0.5 + H+ ↔ ≡FeOH2+0.5   log KH = 8.9  (4.9) 
The surface charge model also account for the binding of background electrolytes:   
 ≡FeOH-0.5 + Na+ ↔ ≡FeOH-Na+0.5   log K = -0.69  (4.10) 
 ≡FeOH-0.5 + H+ + ClO4- ↔ ≡FeOH2-ClO4-0.5   log K = -0.25  (4.11) 
4.7.2.2 Boehmite  
The 1-pKa surface charge model for goethite can be represented by the following reaction: 
 ≡AlOH-0.5 + H+ ↔ ≡AlOH2+0.5   log KH = 9.2  (4.12) 
The surface charge model also account for the binding of background electrolytes:   
 ≡AlOH-0.5 + Na+ ↔ ≡AlOH-Na+0.5    log K = -0.44  (4.13) 
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 ≡AlOH-0.5 + H+ + ClO4- ↔ ≡AlOH2-ClO4-0.5   log K = -0.76  (4.14) 
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4.9 Figures and Tables 
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Figure 4.1. FQs and analogues. 
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Figure 4.2.  TEM images of goethite (a) and boehmite (b). 
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Figure 4.3. Flumequine batch adsorption to 5 g/L goethite at varying ionic strengths 
(NaClO4) and pH.  Lines indicate CD SCM fits to adsorption data. 
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Figure 4.4. Ofloxacin batch adsorption to 5 g/L goethite (a,b) and 5 g/L boehmite (c,d) at 
varying ionic strength (NaClO4), pH, and FQ concentration conditions.  Ofloxacin conc. = 
100 μM in panels a, c.  I = 10 mM in panels b, d.  Lines indicate CD SCM fits to adsorption 
data. 
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Figure 4.5. ATR-FTIR spectra of 5 mM OFX, 10 mM I (NaCl).   
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Figure 4.6.  ATR-FTIR spectra of 400 μM OFX, 10 mM I (NaClO4) equilibrated with thin 
films of goethite (a) and boehmite (b).  Aqueous ofloxacin spectra at pH 7 and pH 3 
included for comparison. 
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Figure 4.7.  Structure of zwitterionic ofloxacin tridentate complex on goethite (a) and 
zwitterionic ofloxacin bidentate complex on boehmite (b) proposed to be the predominant 
surface complexes on the two metal oxide surfaces. 
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Figure 4.8.  CD SCM predicted distribution of ofloxacin adsorbed species on goethite as a 
function of solution pH.  Conditions: 100 μM ofloxacin, 10 mM I (NaClO4). 
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Figure 4.9. 1H NMR spectrum of synthesized ofloxacin methyl ester compound. 
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Figure 4.10. X-ray diffraction spectrum of goethite used in this study in comparison with 
reference lines for a goethite authentic standard. 
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Figure 4.11. Goethite surface charge and 1-pKa model fits. 
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Figure 4.12. Boehmite surface charge and 1-pKa model fits. 
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Table 4.1.  Surface parameters for goethite and boehmite CD SCM 
Goethite Boehmite 
Property 
Value Source Value Source 
Surface area (m2/g) 64 B.E.T analysis 85.6 Literature[14] 
Stern layer capacitance (F/m2) 1.23 Surface titration fit 0.65 Surface titration fit 
Ns1 (sites/nm2) 3 Crystal structure 0.15  0.007 CD model fit 
Ns2 (sites/nm2) 3 Crystal structure 0.64 Surface titration fitte - Ns1 
pHzpc 8.9 
Intersection of  
titration curves 
9.2 
Intersection of  
titration curves 
KClO4 -0.25 Surface titration fit -0.76 Surface titration fitte 
KNa -0.69 Surface titration fit -0.44 Surface titration fitte 
te Trial and error fit
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Table 4.2.  Surface complexation reactions for OFX on goethite and boehmite with CD SCM optimized parameters 
 Reactionsa log K CD Δz0 Δzs 
1 FLU-+2H++2[≡FeOH-0.5][≡Fe2-FLU]0 + 2H2O 6.42  0.8b -1.01  0.07 0.99 0.01 
2 OFX- + 3H+ + [≡FeOH-0.5][≡FeOH2…H2OFX]+1.5 18.31  1.1 -(0.23  0.03)c 0.77 1.23 
3 OFX- + 4H+ + 3[≡FeOH-0.5][≡Fe2(OH2)-OFX]+1.5 + 2H2O 15.20  0.5 -1 - (0.23 0.03) 1.77 1.23 
4 OFX- + 3H+ + 3[≡FeOH-0.5][≡Fe2(OH2)-OFX]+0.5 + 2H2O 7.22  0.9 -1 - (0.23 0.03) 1.77 0.23 
5 OFX-+4H++3[≡FeOH-0.5]+ClO4- [≡ Fe2(OH2)-OFX+1.5...ClO4-] +2H2O 15.83  0.5 -1 - (0.23 0.03) 1.77 0.23 
6 OFX- + 3H+ + 2[≡AlOH-0.5][≡Al2-OFX]+1 + 2H2O 18.28  0.1 -1.5 0.5 1.5 
7 OFX- + 2H+ + 2[≡AlOH-0.5][≡Al2-OFX]0 + 2H2O 7.52  0.6 -1.5 0.5 0.5 
8 OFX-+3H++2[≡AlOH-0.5]+ClO4-[≡Al2-OFX+1...ClO4-] +2H2O 17.63  0.6 -1.5 0.5 -0.5 
a Charge on complexes determined from reaction stoichiometry 
b Uncertainty represents one standard deviation. 
c Values in parentheses represent hydrogen bonding contributions from the carbonyl group, which was the variable portion of the CD 
value in the model. 
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CHAPTER 5  
SUMMARY AND IMPLICATIONS 
5.1 Summary 
The current studies established changes in ciprofloxacin antibacterial potency as a result of 
transformations in UVA photolysis and UVA- and visible light-TiO2 photocatalysis systems.  
Although we may expect that structural changes to the ciprofloxacin molecule will modify potency, 
the present investigation shows quantitatively that transformation products in the aforementioned 
systems retain negligible potency relative to the parent fluoroquinolone (FQ).  Furthermore, 
through identification of transformation products and comparisons of predominance patterns 
against residual potency trends, specific molecular changes leading to the deactivation of 
antibacterial activity of ciprofloxacin are identified.  The energy requirements for achieving 
deactivation in each photo(cata)lytic system is also quantified, which can prove useful in 
evaluating the efficiency of different technologies for eliminating antibacterial potency of 
ciprofloxacin. 
The nature of complexation between ofloxacin, a zwitterionic FQ compound, and TiO2 was 
also probed and quantitatively modeled using a charge distribution (CD) surface complexation 
model (SCM) in the presence of two different background electrolytes, chloride and perchlorate.  
Combined evidence from ATR-FTIR and macroscopic adsorption data indicated inner-sphere 
surface interactions through anionic functional groups localized around a deprotonated carboxylic 
acid and carbonyl group on ofloxacin molecules.  Potential coordination structures for the 
ofloxacin-TiO2 complex were incorporated into a surface complexation model based on the 
principle of differential charge distribution of the ofloxacin molecule across the aqueous-mineral 
interface.  Best fit to macroscopic adsorption data was achieved by assuming a coordination 
structure composed of inner-sphere, tridentate coordination between ofloxacin and Ti(IV) centers 
on the TiO2 surface with charge from carboxyl and carbonyl oxygens directed into the 0-plane of 
the anatase surface.  Additionally, an ion-paired complex was proposed to form between 
ofloxacin and perchlorate anions, resulting in an enhancement of ofloxacin adsorption in the 
presence of perchlorate.  Fitting of macroscopic adsorption data to produce the equilibrium 
constants for the ofloxacin-TiO2 complexation reactions yielded a complete CD SCM model that 
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accurately predicted the trends in FQ adsorption over a wide range of solution conditions.  The 
model provides evidence to support a molecular-scale picture of the FQ-TiO2 complex that can 
undergo visible light photocatalysis.  Furthermore, the presence of non-ion-paired FQ-TiO2 
surface complex correlates well with the kinetic rate constants for visible light-TiO2 photocatalysis 
reactions.  
Surface complexation modeling was also undertaken to characterize the adsorption of FQs 
to goethite and boehmite surfaces, extending the model to other metal oxides representative of 
common soil minerals.  Based on FTIR spectroscopy and CD SCM fits, ofloxacin adsorption to 
goethite is believed to be dominated by inner-sphere complexation structurally identical to that 
proposed for ofloxacin-TiO2 adsorption.  An outer-sphere hydrogen bonded complex was also 
theorized in the ofloxacin-goethite system.  In contrast, FQ adsorption to boehmite was well fit 
with a bidentate inner-sphere complex in which one carboxylate oxygen and adjacent carbonyl 
oxygen reacted with surface Al sites. 
5.2 Implications for Environmental Studies 
 
Transformations to auxiliary functional groups on pharmaceutical molecules during chemical 
treatment processes may be sufficient to significantly inactivate pharmaceutical activity.  
Ciprofloxacin antimicrobial potency was degraded during photo(cata)lytic treatment by 
transformations to the piperazine and fluorine substituents, even while the core quinolone structure 
remained intact.  These results suggest that treatment processes affecting minor transformations 
to pharmaceutical molecules can still significantly alter their biological efficacy.  The 
significance of this finding is that energy-intensive advanced oxidation processes, which can 
mineralize compounds or reverse osmosis process, which can remove all such compounds from 
water, may not be needed to eliminate pharmaceutical activity of contaminated waters. 
 
Stoichiometric deactivation of antibacterial potency of ciprofloxacin is expected by any of the 
photo(cata)lytic processes in this study.  Although the relative energy efficiency of the three 
photo(cata)lysis processes is expected to be influenced by solution conditions, the structural 
transformations achieved in any of the photo(cata)lytic systems should correlate directly with 
decrease in antibacterial activity.   
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In zwitterionic molecules, both charged groups influence the electrostatic interactions of the 
ligand with the charged surface as a function of their orientation and coordination. Accurate 
modeling of FQ adsorption requires considering contributions from both charges. While 
ofloxacin adsorbs to the metal oxide surfaces primarily through a deprotonated carboxylic acid 
group, CD SCM predictions reveal that the solution-oriented positive charge on the piperazine 
amine has a strong influence on the ionic strength dependence of ofloxacin adsorption.  In 
contrast, flumequine, which has no solution-oriented charges, exhibits little change in adsorption 
with changes in ionic strength of the suspensions.  The orientation of the molecule (solution- 
versus surface-orientated groups) may change depending on the adsorbing phase (e.g., 
aluminosilicate clays with high permanent cation exchange capacity), which can alter the relative 
contribution of the two charged groups to surface complexation. 
 
The retention of FQs on soil metal oxide phases will be greatly determined by the prevalent soil 
solution conditions.  Both solution pH and ionic strength have a significant influence on the 
extent of FQ adsorption to metal oxide phases.  At circumneutral pH conditions, assuming the 
presence of a significant fraction of metal oxides in a soil composition, FQs can be expected to be 
considerably retarded in their mobility due to adsorption to soil metal oxides. 
 
The structure of adsorbed complexes influences their reactivity towards electron transfer 
processes.  Knowledge of surface ligand speciation aids in the identification of kinetically 
active species and prediction of ligand transformation rates under different solution conditions.  
Both ion-paired and non-ion-paired ofloxacin-TiO2 complexes were hypothesized to form in the 
presence of perchlorate, but only the adsorption of the non-ion-paired complex was correlated with 
the kinetic rate constants for the visible light photocatalysis reaction.  These results suggest that 
oxidation of FQs through charge transfer processes can be suppressed when strong anion binding 
at the piperazine amine stabilizes the positive charge on that group.  Similar phenomena may be 
applicable to the treatment of other compounds by electron transfer processes such that strong ion 
pairing may suppress redox transformations of susceptible functional groups.  By the 
aforementioned mechanism, the kinetic reactivity of the compounds can be greatly determined by 
how strongly they interact with other aqueous constituents. 
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5.3 Future Directions 
The current experiments for ciprofloxacin deactivation conducted in deionized water 
indicate that UVA-TiO2 is a more energy efficient process than visible light-TiO2.  However, the 
same conclusion may not be reached for the case of ciprofloxacin deactivation by TiO2 
photocatalysis in natural waters that contain UVA attenuating constituents (e.g., dissolved organic 
matter (DOM)) and/or hydroxyl radical scavengers (e.g., DOM, bicarbonate).  While the rate of 
visible light-TiO2 photocatalysis can also be expected to be lower in natural waters due to the 
effect of competitive adsorbates, the more-selective visible light-TiO2 process for FQ degradation 
may prove to be the more efficient process in natural water matrices.  Further research is needed 
to evaluate the energy requirements of these processes in more complex water matrices, as well as 
in pilot- or full-scale flow-through reactors more representative of engineered treatment systems. 
The CD SCMs developed in this thesis represent the simplest formulations that can provide 
adequate fits to the empirical adsorption data.  It is likely that more complex models or use of a 
greater number of fitting parameters can provide further improvements to the model fits.  For 
example, the current models place the charge from the non-bonding groups on the ligand at the 
Stern plane.  While this approximation appears to accurately predict electrostatic interactions of 
the current ligand molecules, it may fail if applied to ligands that are much smaller or much larger 
in size in which the actual location of the non-bonding charges are much closer or much further 
away from the 0-plane of the metal oxide surfaces.  In the aforementioned cases, a three-plane 
model may be warranted to represent a more accurate distribution of ligand charge across the 
aqueous-mineral interface.  Additionally, the current models represent ion-pairing as a complete 
sharing of anion charge with the non-bonding protonated amine.  Again, while this approximation 
appears to work in the current system, a more realistic representation of ion-pairing may consider 
partial charge sharing or separation of the ion charges at different electrostatic planes estimated 
from the size and surface orientation of the ligand. 
The crystallographic site densities utilized in the current CD SCMs were derived from the 
assumption that the surface structure of the metal oxides matched previously published reports of 
the properties of the same metal oxides.  In some cases, these crystallographic site densities 
appear to overestimate the available sites for ligand adsorption on the metal oxide surfaces.  The 
overestimation is most acutely evident for the case of FQ adsorption to boehmite for which surface 
site density was included as a fitting parameter to obtain adequate fits.  Surface site 
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overestimation may arise from peculiarities in the surface structure of the mineral specimens, such 
as high surface porosity (Hombikat UV100, TiO2), or changes in surface structure either due to 
dissolution in the aqueous environment (boehmite) or ligand-promoted dissolution in the presence 
of the adsorbates (goethite and boehmite) or adsorption to defect sites (probable for boehmite).  
Additionally, steric factors (e.g., crowding) that may prevent the utilization of all available surface 
sites were not considered in our models.  Further studies are required to establish the effect of 
differences in mineral surface structure on the effective site densities available for adsorption.  
Molecular modeling may also help account for steric effects limiting the availability of ligand 
adsorption sites. 
While the current SCM results characterize FQ adsorption to environmentally relevant 
metal oxide phases, a comprehensive model to predict FQ transport in the environment 
additionally requires an understanding and quantification of FQ adsorption/desorption to dominant 
soil aluminosilicate minerals.  Although some comparative studies of FQ adsorption to clays have 
been conducted[1-3], further tests, both under equilibrium and dynamic conditions are required to 
yield adsorption/desorption parameters that can be used in a generalized model.  
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